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AN EXPLORATORY AERODYNAMIC AND STRUCTURAL 
INVESTIGATION O F  ALL-FLEXIBLE  PARAWINGS 
By J. N .  Nielsen,  S. B. Spangler,  
S.  S. S t aha ra ,  and A. L. Lee 
Nielsen Engineer ing & Research, Inc. 
SUMMARY 
A t h e o r e t i c a l  i n v e s t i g a t i o n  was made of the aerodynamic and struc- 
tural   aspects   of   a l l - f lexible   parawings.   These  wings  are   character ized 
by l a r g e  amounts  of  spanwise  camber.   Consequently,   planar  l if t ing  sur- 
f ace  theo ry  is  inadequate  for  pred ic t ing  the  aerodynamic  load  d is t r ibu-  
t ion on the canopy.  Ap aerodynamic  method was developed through the use 
of slender-body theory t o  a c c o u n t  f o r  t h e  p r i n c i p a l  n o n p l a n a r  e f f e c t s .  
The method c o n s i d e r s  s e c t i o n s  i n  t h e  p l p n e  n o r m a l  t o  t h e  r o o t  c h o r d  t o  
be Ci rcu lar  a rcs  which  may t r a n s l a t e  and d i l a t e  w i t h  d i s t a n c e  a l o n g  t h e  
root chord. The method yields   spanwise and   chordwise   d i s t r ibu t ions   o f  
loading ,  the  d is t r ibu t ion  of  suc t ion  a long  the  lead ing  edge  and t h e  
induced  drag.   Various  s ta t ic   equi l ibr ium  models  w e r e  examined f o r  t h e  
purpose  of  de te rmining  the  canopy tens ion  d is t r ibu t ion  and r igg ing  l i n e  
loads.  The  methods w e r e  a p 9 I i e d  t o  a s ing le -  and a twin-keel  parawing 
f o r  which a a t a  on inf la ted shape,  overal l  aerodynamic loads,  and l i n e  
loads w e r e  obtained  by  the  Langley  Research  Center,  NASA. Comparisons 
wi th  these  load  da ta  were  made using the measured canopy shapes. 
Sys t ema t i c  ca l cu la t ions  on conica l  parawings  ind ica te  tha t  spanwise  
camber inc reases  the  l i f t - cu rve  s lope  cQns ide rab ly  and has  a favorable  
e f f e c t  on t h e  r a t i o  Qf normal   force  to   induced  drag.  These c a l c u l a t i o n s  
i n d i c a t e  t h a t  i f  a parawing could be rigged closer t o  a conical  shape SO 
t h a t  t h e  e n t i r e  l e a d i n g  e d g e  c o u l d  be o p e r a t e d . c l o s e  t o  l u f f i n g ,  a 
s i g n i f i c a n t  i n c r e a s e  i n  l i f t - d r a g  r a t i o  c o u l d  be aahieved.  Comparisons 
w i t h  l i f t  and d r a g  d a t a  f o r  s i n g l e -  and twin-keel parawings indicate 
reasonably good agreement and show tha t  t he  induced  d rag  cons t i t u t e s  mos t  
o f  t h e  t o t a l  d r a g .  L i n e  l o a d  c o m p a r i s o n s  i l l u s t r a t e  t h e  p r o p e r  b e h a v i o r  
fo r  t he  ana ly t i ca l  s jxuc tu ra l  mqde l s ,  bu t  i nd ica t e  tha t  t he  mode l s  a re  
n o t  s u f f i c i e n t l y  q e t a i l e d  t o  be p r e d i c t i v e  i n  n a t u r e .  
p 
I I., .I . .. 
INTRODUCTION 
Because  the  a l l - f lex ib le  parawing  i s  completely stowable,  it has  
received much a t t en t ion  fo r  app l i ca t ions  such  a s  ae r i a l  de l ive ry  schemes ,  
parachute jumping, and space capsule  recovery where this  property i s  of 
prime  importance  (refs.  1-3) .  I n  c o n t r a s t  t o  t h e  r i g i d  boom parawing, 
however, i t s  s t o w a b i l i t y  f e a t u r e  h a s  made it more d i f f i c u l t  t o  s p e c i f y  
the aerodynamic shape of the inflated parawing and t o  d e v e l o p  r a t i o n a l  
aerodynamic and s t ruc tu ra l   t heo r i e s   o f   t he   dev ice .   Accord ing ly ,   a lmos t  
a l l  p r o g r e s s  t o  d a t e  i n  deve loping  a l l - f lex ib le  parawings  has  been  
through  experimental  means. I t  i s  t h e  p u r p o s e  o f  t h i s  r e p o r t  t o  p r e s e n t  
some explora tory  work  aimed a t  o b t a i n i n g  i n s i g h t  i n t o  t h e  a e r o d y n a m i c  and 
s t ructural  problems of  a l l - f lexible  parawings.  
I t  was r ecogn ized  be fo re  the  p re sen t  i nves t iga t ion  s t a r t ed  tha t  no 
subs t an t i a l  t heo re t i ca l  p rog res s  cou ld  be made un le s s  good measurements 
of all-flexible parawing shapes were made t o  g u i d e  t h e  a n a l y s i s .  
Accordingly, measurements w e r e  made a t  Langley Research Center i n  t h e  
7- by 10-Foot Wind Tunnel  using s tereoscopic  photography to  determine 
the  in f l a t ed  shapes  o f  a s ingle-keel  and a twin-keel ,all-flexible parawing. 
These measured shapes have been uti l ized together with a spec ia l ly  deve l -  
oped nonplanar  s lender-wing l i f t ing-surface theory to  obtain approximate 
aerodynamic  loadings on the  parawings.  I n  t h i s  manner the   necessary  
aerodynamic loadings for a p re l imina ry  s t ruc tu ra l  ana lys i s  have  been  
obtained.  
I n  the  present  repor t ,  the  aerodynamic  theory  developed  for  a l l -  
f lex ib le   parawings  is p r e s e n t e d  f i r s t .  N e x t ,  the theory  is  u t i l i z e d  t o  
desc r ibe  the  ae rodynamic  cha rac t e r i s t i c s  o f  i dea l i zed  a l l - f l ex ib l e  
parawings and to  a s ses s  the  impor t ance  o f  va r ious  f ac to r s  i n  t h e i r  
aerodynamic  efficiency. The measured  shapes  are  presented, and a re   t hen  
u s e d  t o g e t h e r  w i t h  t h e  t h e o r y  t o  e s t i m a t e  t h e  l i f t  and d rag  cha rac t e r -  
i s t i c s  of t he   s ing le -kee l  and twin-keel   parawings.   Final ly ,   resul ts  on 
p red ic t ed  and  measured l i ne  loads  a re  p re sen ted .  
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r a d i u s   o f  c i r c l e  i n  5 ,  or 5 ,  plane 
complex c o e f f i c i e n t s  i n  Laurent series for  W2(C4) 
a s p e c t  r a t i o  
r ea l  p a r t  of Cn 
imaginary par t  of Cn 
root  chord of  inf la ted parawing 
d r a g   c o e f f i c i e n t  , D/qSR 
induced-drag coeff ic ient ,  Di/qSR 
f r ic t ion  drag  coef f ic ien t ,  nondimens iona l iznd  by  qs R 
l i f t  c o e f f i c i e n t ,  L/qsR 
suc t ion - fo rce  coe f f i c i en t ,  s/qSR 
k e e l - l i n e  t e n s i o n  c o e f f i c i e n t ,  Tk/qSR 
l ead ing -edge  l i ne  t ens ion  coe f f i c i en t ,  Tj /qSR 
chord- force  coef f ic ien t ,  X/qSR 
l a t e r a l - f o r c e  c o e f f i c i e n t  on h a l f  of the canopy, 
Y / q s R  
normal-force coeff ic ient ,  z/qSR 
components  of Cx, Cy, and Cz due t o   d i f f e r e n t i a l  
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components of Cx, Cy, Cz, and CDi, r e s p e c t i v e l y ,  
due to leading-edge suction 
components  of Cx, C z ,  and C D . ,  r e s p e c t i v e l y ,  
a s s o c i a t e d  w i t h  v o r t e x  l i f t  1 
coe f f i c i en t   o f  <-I term i n   L a u r e n t   s e r i e s   f o r  w l ( < )  
c o e f f i c i e n t   o f  <-l t e r m   i n   L a u r e n t   s e r i e s   f o r  W, ( < )  
element  of  length lying in  canopy surface cut  out  
by  p l ane  pa ra l l e l  t o  x -ax i s ,  f i g .  2 ( a )  
complex c o e f f i c i e n t s  i n  L a u r e n t  s e r i e s  f o r  w(<), 
eq. ( 7 2 )  
t o t a l  d r a g  
induced drag of canopy 
distance  between  top  of  canopy and x,-axis,  measured 
p a r a l l e l  t o  z -ax i s ,   pos i t i ve  downward 
distance  between  top  of  canopy and x-axis,  measured 
p a r a l l e l   t o   z - a x i s ,   p o s i t i v e  downward 
uni t   vec tor   a long   x-ax is  
values  of e assoc ia ted   wi th   contours  C1 and C,, 
r e s p e c t i v e l y ,  f i g .  2 (b) 
values  of e '   associated  with  cDntours  C1 and C,, 
r e s p e c t i v e l y ,  f i g .  2 (b) 
c i r c u l a r  a r c  camber in  c ross f low p lane ,  def ined  i n  
f i g .  1 
r i g g i n g  l i n e  l e n g t h ,  f i g s .  14 and 1 7  
kee l  l eng th  o f  t heo re t i ca l  w ing  canopy f l a t  p a t t e r n ,  
measured  from t h e o r e t i c a l  apex t o  t r a i l i n g  edge of the  














de f in i t e  i n t eg ra l s  g iven  by  eq .  (93) 
de f in i t e  i n t eg ra l  g iven  by  eq .  (99) 
I( f / 2 r  
r a t i o  o f  l i f t - c u r v e  s l o p e  o f  segmeqt, of c i r cu la r  cone  
t o  t h a t  o f  the uncarnbered wing corresponding t o  i t s  
chord  plane,  eq. (139) o r  eq. (149) 
s/2 
l i f t  of canopy 
moment of  canopy  about  y-axis 
moment of canopy  about  z-axis 
summation  index 
uni t  vector  normal  to  canopy 
u n i t  upward vec tor  perpendicular  t o  canopy a t  r i g n t -  
hand leading edge 
u n i t  normal tangent to canopy and normal t o  r i g h t -  
hand leading edge,  directed away from  canopy 
l o c a l  s t a t i c  p r e s s u r e  
f r e e - s t r e a m  s t a t i c  p r e s s u r e  
p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  canopy 
p r e s s u r e  c o e f f i c i e n t ,  ( p  - p,)/q 
P d  - Pu, wing loading 
p r e s s u r e  c o e f f i c i e n t  f g r  l o w e r  wing su r face  
c o e f f i c i e n t s  i n  a Lauren t   s e r i e s ,   eq .  (50)  
p r e s s u r e  c o e f f i c i e n t  fo r  upper wing su r face  
free-s t ream dynamic p res su re  
vqc to r  f low ve loc i ty  
r a d i u s  of c u r v a t u r e   o f   c i r c u l a r   a r c   i n  c1 ana c 2  









uu , wu 
odd 
vr 9 v~ 
values  of r a s soc ia t ed   w i th   con tour s  C1 and C,, 
r e s p e c t i v e l y ,  f i g .  2 (b) 
parawing local semispan 
maximum semispan of conical parawing formed from surface 
of  c i rcul .ar  cone 
leading-edge  suc t ion  force  assoc ia ted  wi th  both  lead ing  
edges 
r e fe rence  a rea ,  . t aken  a s  f l a t  canopy area unless 
o therwise  ind ica ted  
k e e l  r i g g i n g  l i n e  t e n s i o n  
leading-edge  r igg ing  l ine  tens ion  
pe r tu rba t ion   ve loc i t i e s   a long   x ,   y ,  and z axes,  
r e s p e c t i v e l y  
values  of u and w on lower   sur face ,   respec t ive ly  
values  of u and w on upper   sur face ,   respec t ive ly  
(uu - u p 2  
r a d i a l  and t a n g e n t i a l  p e r t u r b a t i o n  v e l o c i t y  components 
i n  yz plane 
r a d i a l  and t a n g e n t i a l  p e r t u r b a t i o n  v e l o c i t y  components on 
c i r c u l a r   a r c   i n  Cl p lane   a s soc ia t ed   w i th  Q1 
r a d i a l  and t a n g e n t i a l  p e r t u r b a t i o n  v e l o c i t y  components  on 
c i r c u l a r   a r c   i n  c2 plane   assoc ia ted   wi th  
f ree-s t ream ve loc i ty  
(wu - w p  
v e l o c i t y  component a long   z -ax is   assoc ia ted   wi th  Q1 
v e l o c i t y  component a long   z -ax is   assoc ia ted   wi th  Q2 
complex p o t e n t i a l  f o r  t o t a l  f l o w  
complex p o t e n t i a l  f o r  c i r c u l a r  a r c  t r a n s l a t i n g  upward a t  
u n i t  v e l o c i t y  w i t h  f l u i d  s t a t i o n a r y  a t  i n f i n i t y  
6 
a i d e a l  
a7 
B 
complex po ten t i a l  fo r  f l ow abou t  a f i x e d  c i r c l e  w i t h  
c e n t e r  a t  t h e  o r i g i n  w i t h  u n i t  f r e e - s t r e ' a m  d i r e c t e d  
a long   the   nega t ive   z -ax is  
complex p o t e n t i a l  i n  c 4  plane   for   f low  which   in   the  
Cl p l a n e   y i e l d s  a c i r c u l a r   a r c  d i l a t i n g  a t  u n i t  
v e l o c j t y  w i t h  t h e  flow v e l o c i t y  z e r o  a t  i n f i n i t y  
a x i s  system wi th  g r ig ip  a t  l ead ing  edge  o f  pa rawing  wi th  
p o s i t i v e  x rearwar@  a long   the   roo t   chord ,   pos i t ive  y 
l a t e r a l l y  t o  t h e  r i g h t .  f a c i n g  f o r w a r d ,  and p o s i t i v e  z 
v e r t i c a l l y  up 
qxis system used in canopy shape measurement tests, with 
o r i g i n   a t   t h e   r i g g i n g   l i n e   C o n f l u e n c e   p g i n t .   x '  i s  
p a r a l l e l  t o  t h e   k e e l   c h o r d ,   p o s i t i v e   a f t ;  z '  i s  
p o s i t i v e  up;  and y '  is p o s i t i v e   t o   r i g h t   f a c i n g  
forward i n  t u n n e l  
axis  system with or igin at  leading edge of  parawing with 
p o s i t i v e  x1 rearward i n  s t reamwise  direct ion,  
p o s i t i v e  y, l a t e r a l l y   t o   r i g h t   f a c i n g   f o r w a r d ,  and 
p o s i t i v e  z1 v e r t i c a l  upward 
chordwise  force  directed  along  ,x-axis 
l a t e r a l  f o r c e  on half  of the canopy, directed along -y-axis 
normal  force on canopy in di rec t ion  of  z -ax is  
angle between free-stream velocity and root chord 
g i r e c t i o n  
angle  of  a t tack for  conical  parawlng at .which the 
leading-edge suct ion is  zero  
d i r ec t ion  cos ines  o f  vec to r s  r ep resen t ing  the  kee l  l i ne  
t e n s i o n ,  p o s i t i v e  downward 
d i r ec t ion  cos ines  o f  vec to r s  r ep resen t ing  the  l ead ing -  
edge l i n e  t e n s i o n ,  p o s i t i v e  downward 
angle  of  zero  l i f t  o f  segment  of a c i r cu la r  cone  
"ang le  o f  a t t ack"  fo r  a singlerkee$ parawing, defined as 
the angle  between the number 7 k e e l  l i n e  and t h e  
v e r t i c a l  d i r e c t i o n  
"angle  of a t tack" for  twin-keel  parawing,  def ined as t h e  
angle  be tween th  pro jec t ion  of  number 8 k e e l  l i n e  o n t o  
ue r t i ca4  p l ane  OF symmetry  and t h e  v e r t i c a l  d i r e c t i o n  
po la r   ang le   i n  <, plane ,   f ig .  4 
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complex v a r i a b l e ,  y + i z  
Y, + i z ,  
t:, + i ( e  + f) 
L. - 2 i f  
f r a c t i o n  of semispan 
po la r   ang le   i n  c 4  p l a n e ,   f i g .  4 
xvm COS a + ZV- s i n  a 
c o o r d i n a t e   i n  v d i r e c t i o n  * 
unit  vector  normal  t o  canopy contour  ly ing  in  c ross f low 
p lane  
components i n   t h e  x,  y ,  and z d i r e c t i o n s ,   r e s p e c t i v e l y ,  
of  canopy tension per  unl t  width 
un i t  vec to r  t angen t  t o  canopy  con tour  ly ing  in  c ros s -  
f low plane 
polar   angle   o f   po in ts  on  canopy s u r f a c e   i n  yz p lane ,  
f i g .  2 (b) 
@/Vm cos a 
v e l o c i t y  p o t e n t i a l  f o r  c i r c u l a r  a r c  t r a n s l a t i n g  upward 
a t  u n i t  v e l o c i t y  
v e l o c i t y  p o t e n t i a l  f o r  e x p a n d i n g  c i r c u l a r  a r c  w i t h  u n i t  
r a d i a l  v e l o c i t y  
(@zu - @z ) ’ 2  R 
v e l o c i t y  p o t e n t i a l  fo r  complete flow past parawing 
a 
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2 1  
associated  with  (de/dx)  
assoc ia ted   wi th  x de  f 
a s soc ia t ed  w i t h  - de dr d x  dx 
associated  with  d2e/dx2 
assoc ia ted   wi th  dx dr   f
a s soc ia t ed  wi th  (dr/dx) 
assoc ia ted  wi th  d2r/dx2 
AERODYNAMIC THEORY 
Prel iminary Considerat ions 
A s  p a r t  of a gene ra l  i nves t iga t ion  o f  t he  s t ruc tu ra l  and aero- 
dynamic c h a r a c t e r i s t i c s  of  a l l - f lexible  parawings,  it i s  d e s i r e d  t o  
develop an aerodynamic theory that  w i l l  p r e d i c t  t h e  d e t a i l e d  l o a d  
d i s t r i b u t i o n  on such  wings. None o f  t h e  e x i s t i n g  p l a n a r  l i f t i n g -  
s u r f a c e  t h e o r i e s  i s  appl icable  to  a l l - f lex ib le  parawings  because  the  
canopies of such  wings  are  not  even  approximately  planar.  Since  the 
r igg ing  l i n e s  Erom t h e  wing t i p s  s l a n t  inward toward the vertical  plane 
of  symmetry, t h e  canopy  must be nea r ly  ve r t i ca l  nea r  t he  t i p s .  Accord ing ly ,  
t h e  r i g g i n g  method of a l l - f l ex ib l e  pa rawings  e f f ec t ive ly  p rov ides  the  
wing with end plates  which preclude the use of  planar  l i f t iqg-surface 
t h e o r y  i f  a c c u r a t e  p r e d i c t i o n s  a r e  d e s i r e d .  
N o  nonplanar  l i f t ing-sur face  theory  ex is t s  which  is  a p p l i c a b l e  t o  
a l l - f lexible  parawings with the accuracy of  l inear ized wing theory.  
However, it appea r s  poss ib l e  to  deve lop  a slender-wing nonplanar 
l i f t i n g - s u r f a c e  t h e o r y  t h a t  w i l l  account  for  the  pr inc ipa l  nonplanar  
e f f e c t s  of canopy  shape. The pr incipal   assumption  used  in   the  analysis  
i s  tha t  t he  shape  o f  t he  canopy  in  any cross f low p lane  can  be approxi- 
mated i n  t h e  mean by a c i r c u l a r  a r c .  The c i r c u l a r  a r c s  w i l l  vary 
chordwise in span, aamber r a t i o ,  and v e r t i c a l  l o c a t i o n  o f  t h e  c e n t e r  of 
9 
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curva ture .  The va r i a t ion  o f  t hese  quan t i t i e s  w i th  chordwise  d i s t ance  
i n  t h e  c a s e s  c o n s i d e r e d  i n  t h i s  r e p o r t  i s  obtained from measurement, but 
i n  o t h e r  c a s e s  may have t o  be obta ined  by  o ther  means. The aerodynamic 
theory  w i l l  be c o m p l e t e  i n  t h a t  l o a d i n g  d i s t r i b u t i o n s  a s  w e l l  a s  g r o s s  
f o r c e s  and  moments w i l l  be obtained.  
A l i n e  j o i n i n g  t h e  wing leading edge and t r a i l i n g  edge i n  t h e  
v e r t i c a l  p l a n e  o f  symmetry is  def ined as  the root  chord of  the parawing 
( f i g .  1). The apex  of  the  wing i s  t aken  a s  the  o r ig in  o f  t he  wing  ax i s  
system  with x taken   pos i t ive   rearward ,   a long   the   roo t   chord ,  and  y
and z as  shown i n   t h e   f i g u r e .  The f r ee - s t r eam  ve loc i ty  V, i s  i n  
t h e  v e r t i c a l  p l a n e  o f  symmetry f o r  t h e  p r e s e n t  a n a l y s i s ,  and the  x -ax i s  
is  i n c l i n e d   a t   t h e   a n g l e  a t o  V,. Fo r   t he   pu rposes   o f   t he   ana lys i s ,  
c ros s f low  p l anes   a r e   cons ide red   pe rpend icu la r   t o   t he   x -ax i s .   I n   t hese  
crossf low planes,  the canopy shape . i s  assumed t o  b e  r e p r e s e n t a b l e  b y  a 
c i r c u l a r  a r c .  The c i r c u l a r  a r c  i s  descr ibed  by  three  quant i t ies  which  
vary  with  x.  Bes ides  the  camber, f ,  and the   loca l   semispan ,  s ,  t h e r e  
is  t h e   d i s t a n c e  e between  the  top  of   the  canopy and the   x l - ax i s ,  
measured i n   t h e  z d i r e c t i o n .  
The crossf low planes have been set  up normal  to  the root  chord 
r a the r  t han  no rma l  to  the  f r ee - s t r eam d i r ec t ion  so t h a t  t h e  canopy 
shape for  a r i g i d  canopy w i l l  not change with angle of attack. A l s o ,  
the  loca l  c ross f low sec t ion  of  m a x i m u m  span w i l l  be f a r t h e r  a f t  t h a n  i f  
the  c ross f low p lanes  a re  taken  normal  to  the  f ree-s t ream di rec t ion .  
S ince  s l ende r -body  theo ry  usua l ly  p red ic t s  nega t ive  l i f t  on sec t ions  of  
decreasing span i n  t h e  downstream d i r ec t ion ,  t he  p re sen t  cho ice  o f  
crossf low planes w i l l  t end  to  r educe  the  ex ten t  o f  r eg ions  o f  nega t ive  
l i f t  on the rear  of  the parawing.  
Boundary Conditions 
Consider   the two contours  C, and C, l y i n g  i n  t h e  canopy i n  
crossf low  planes dx apa r t   a s  shown i n   f i g u r e   2 ( a ) .  L e t  -r and v 
b e  u n i t  v e c t o r s  t a n g e n t  t o  and pe rpend icu la r  t o  the  con tour  C,, 
r e s p e c t i v e l y   a t  some point .   Consider  a p l a n e   p a r a l l e l   t o   t h e   x - a x i s  
and conta in ing  v .  This   p l ane   i n t e r sec t s   t he  body surface  between C, 
and C, along  an  element' d l .  Let n be  normal t o  z and d l  so 





p o t e n t i a l  and i f  t he   un i t   vec to r   a long   t he   x -ax i s  is e then   t he  




The tangency condition i s  
o r  
I t  i s  no ted   t ha t  v ,  dl,, and dx are   coplanar   by  construct ion,   ly ing i n  
a plane  normal t o  T. Since n a l s o  l i es  i n  t h i s   p l ane ,   n ,  v ,  d l ,  and 
dx are   coplanar ,   wi th  n and v p e r p e n d i c u l a r   t o   d l  and dx,, 
r e s p e c t i v e l y .   I f  w e  make the  small  angle  assumption  for  dv/dx, we have 
4 
+ + + +  
+ 4 
cos ( q ? )  = - dx 
cos (T,i3 = 1 dv  I 
Thus the boundary condition becomes 
W e  can w r i t e  on t h e  b a s i s  of sma l l  pe r tu rba t ion  ve loc i t i e s  
- a@ = (V, cos ' a )  dv 
dV 
I t  is d e s i r a b l e  t o  r e l a t e  t h e  t a n g e n c y  c o n d i t i o n  t o  t h e  g e o m e t r i c  
parameters  of  the  canopy  shape.  For  this  purpose  consider a f ixed  
crossflow plane through which the wing i s  passing.  Let  the contours  
C, and C, as  seen i n  t he   f i xed   c ros s f low  p l ane   be   c i r cu la r   a r c s   a s  
shown i n  f i g u r e  2 ( b )  where t h e  t r a c e s  o f  t h e  x-  and xl-axes  are shown. 
Then 
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OA = rl - r2 
AB = [ (r2 + e;) - (r, + e;)] s i n  
-AV = + ( r2  - r,) (-1 + s i n  @ )  + (e; - e;) s i n  @ 
o r   w i t h  d r  = r2 - rl and d e '  = e2 - e,, w e  o b t a i n  
The change  from e '   t o  e is  des i rab le   for   computa t iona l   purposes   because  
of  the way t h e  canopy shape i s  measured i n  t h e  wind tunnel .  
This boundary condition suggests t w o  po ten t i a l  p rob lems  tha t  must 
be  solved.  The f i r s t   t e r m   d r / d x  i s  the   boundary   condi t ion   for  an 
expanding  circular  arc.   For a t r a n s l a t i n g  a r c  t h e  v e l o c i t y  normal t o  
t h e  a r c  v a r i e s  a s  s i n  @ so  t h a t  t h e  second  term  of  equation ( 9 )  
descr ibes   the  boundary  condi t ion  of  a t r a n s l a t i n g   a r c .   L e t  G1 be   t he  
p o t e n t i a l  f u n c t i o n  f o r  a t r ans l a t ing  a rc  wi th  the  no rma l  ve loc i ty  equa l  
to s i n  @ and no v e l o c i t y   a t   i n f i n i t y .  L e t  G2 be   t he   c ros s f low 
po ten t i a l  func t ion  €o r  an expanding arc with unit  normal velocity and 
no v e l o c i t y  a t  i n f i n i t y .  Thus, the  boundary  condi t ions  are ,  from 
f i g u r e  3 ,  
a@2 
a v  
" - 1 on the a r c  I 
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W e  can  cons t ruc t  the t o t a l  p o t e n t i a l  f u n c t i o n  a s  f o l l o w s .  
0 = xVt0cos a + zVmsin a - (g + 2)  voocos a GI + v,cos a @2 ( 1 2 )  d r  
To v e r i f y  the boundary condition on t h e  b o d y ,  d i f f e r e n t i a t e  
equat ion ( 1 2 )  w i t h   r e s p e c t   t o  v .  
On t h e  body  az/av is  s i n  @ SO t h a t  
Using equation ( 9 )  , w e  ob ta in  
" a@ - Vmcos a - dv av dx 
a r e s u l t   f u l f i l l i n g   t h e   b o u n d a r y   c o n d i t i o n ,   e q u a t i o n  ( 6 ) .  The only 
o t h e r  c o n d i t l o n  t h a t  t h e  p o t e n t i a l  must f u l f i l l  i s  t h a t  it must g ive  
t h e   p a r a l l e l   f o w   a t   i n f i n i t y .   S i n c e  and I/>, y i e l d  no v e l o c i t i e s  
a t   i n f i n i t y ,  it can be seen  from  equatlon ( 1 2 )  t h a t  a@/ax  and &/Az 
have  the  p rope r  behav io r  a t  i n f in i ty .  
Pressure  Coeff ic ien t  
Let  u,   v,  and w b e   t h e   p e r t u r b a t i o n   v e l o c i t i e s   a l o n g   t h e   x ,   y ,  
and z axes ,   r e spec t ive ly ,   such   t ha t  
" a0  
a Y  
- v  
" a 0  
a Z  
- voosin a + w J 
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Then  from re fe rence  4, p. 48, the p r e s s u r e  c o e f f i c i e n t  f o r  z e r o  yaw 
angle  is  given by 
-2(u + a w )  - (v2 + w 2 )  P =  
VW v m 2  
With r e g a r d  t o  the square terms, it i s  e a s i e r  t o  e v a l u a t e  t h e  sum by 
means of the  fo l lowing  equa l i ty  
where 
I 
Carry ing  out  the o p e r a t i o n  t o  o b t a i n  the v e l o c i t y  components, w e  
f i n d  t h a t  
and on the canopy 
V 
VWcos r a =-(g+z)  s i n @ + =   d r  
I t  i s  noted that  the pressure  coef f ic ien t  depends  not  on ly  on 
dr/dx  and  de/dx, b u t  a l s o  on d2 ( r  + e) /dx2. 
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S o l u t i o n  f o r  T r a n s l a t i n g  C i r c u l a r  A r c  
Complex po ten t i a l . -  It is  d e s i r e d  t o  o b t a i n  t h e  p o t e n t i a l  f o r  a 
t r a n s l a t i n g  a r c  w i t h  u n i t  upward v e l o c i t y  w i t h  t h e  f l o w  s t a t i o n a  
i n f i n i t y .  The a r c  is  shown i n  f i g u r e  l ( a ) ,  t o g e t h e r  w i t h  i ts dimensions 
and i t s  p o s i t i o n   w i t h   r e s p e c t   t o   t h e   x ,   y ,  z coordinate  system. The 
p o t e n t i a l  is  o b t a i n e d  i n  s e v e r a l  s t e p s ,  a s  i l l u s t r a t e d  i n  f i g u r e  4. W e  
s t a r t  w i t h  t h e  known p o t e n t i a l  f o r  a c i rc le  wi th  i t s  c e n t e r  a$ the 
o r i g i n  w i t h  downward f l o w  p a r a l l e l  t o  t h g  z-axis a t  u n i t  s p e e d  i n  the 
f a r  f i e l d  ( f i g .  4 ( d ) ) .  
F at 
This p o t e n t i a l  Tan be t ransformed  through  the  planes c 4  c3 + c 2  - 5, 
t o  o b t a i n  a f l o w  p a s t  t h e  t r a n s l a t i n g  a r c  i n  t h e  c1 p lane   w i th   t he  
ve loc i ty   a t   i n f in i ty   unchang ing .   "he  f i r s t  t r ans fo rma t ion   s imply   sh i f t s  
t h e  o r i g i n  o f  t h e  c i r c l e  up onto the imaginary axis .  
c 3  = 5 4 .  + 2 i f  
The second transformation i s  t h e  Joukowski transformation which carries 
a c i r c l e  w i t h  t h e  c e n t e r  o f f s e t  on the  imag ina ry  ax i s  i p to  a c i r c u l a r  
a rc .  
or 
where we  have  used  the  pos i t ive  s ign  on the  square  root .  The l a s t  t r a n s -  
fo rma t ion  mere ly  changes  the  ve r t i ca l  pos i t i on  o f  t he  c i r cu la r  a r c .  
By simply making t h e  a p p r o p r i g t e  t r a n s f o r m a t i o n s  i n  t h e  complex 
p o t e n t i a l ,  w e  ob ta in  the  f lows  in  the  seve ra l  p l anes  s ince  the  con tour s  
15 
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a r e  s t r e a m l i n e s  and t h e  f l o w  v e l o c i t y  a t  i n f i n i t y  is una l t e red .  
Accordingly,  
The complex p o t e n t i a l  € o r  t h e  upward  moving a r c  i s  now obtained by 
imposing a flow  given  by -i<, which makes t h e  v e l o c i t y  a t  i n f i n i t y  
ze ro  and imparts  a uniform upward v e l o c i t y  t o  t h e  c i r c u l a r  a r c .  The 
f i n a l  complex p o t e n t i a l   i n   t h e  ;, plane  i s  thus  
This  complex func t ion  W, (4,) i s  now t ransformed  back   to   the  ,24 plane,  
r e su l t i ng  in  the  fo l lowing  s imple  form, c o r r e c t  e x c e p t  f o r  a cons tan t .  
Velocity components.- With t h e  complex p o t e n t i a l  f o r  t h e  t e r m s  known, 
it is  p o s s i b l e  t o  o b t a i n  t h e  v e l o c i t y  components. The fol lowing scheme 
is  used. 
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Car ry ing  ou t  t he  ope ra t ions  y i e lds  the  fo l lowing  r e su l t s  on the contour  
- = 
[e-2ie + 
dW1 (1 - k 2 )  
d 4  4 (eie + i k ) 2  2 r  
4 
3 
- =  1 
3 - (eie + i k ) 2  
d T 2  2ieie ( s i n  8 + k)  
a< 
" d<2 
dc  1 - 1  
( 3 5 )  
J 
where 8 is  the  polar   angle  i n  t h e  c 3  p lane   ( f ig .  4 ) .  I n  o r d e r   t o  
s e p a r a t e  t h e  v e l o c i t y  components i n t o  components  which are symmetric 
and ant isymmetr ic  with respect  to  the top and bot.tom surfaces  of  the 
wing, we mus t  e x p r e s s  t h e  r e s u l t s  i n  terms of some angle  other  than 8. 
An appropriate   angle  i s  /3, t he   po la r   ang le  i n  t h e  5, p lane   ( f ig .  4 ) .  
Use of  equation ( 2 5 )  y i e l d s  t h e  f o l l o w i n g  r e l a t i o n s h i p s  
s i n  8 = -k cos /3 + s i n  f3 7/1 - k2cos2 B 2 7 
[ 
( 3 6 )  
cos 8 = cos 3 k s i n  f3 + dl - k2cos2 l3 
between 8 and B .  The equat ion   of   the   c i rcu lar   a rc  i n  t he  i2 plane 
i n  terms  of 0 i s  
<, = 2a cos f3 dl - k2cos2 f3 + 2aik s i n 2  3 ( 3 7 )  
Accordingly, i3 and -f3 yield  corresponding  points  on t h e   t o p  and bottom 
o f  the  c i r cu la r  a r c .  
With the  use  of equations (34), ( 3 5 ) ,  and the  fo l lowing  r e l a t ionsh ip  
ir$ = ke2ie + i e  i 8  
e 
eie + i k  
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it can be shown t h a t  i n  
v = s i n  
r1 
terms of 8 and $I 
$I 
v =  --COS e 
$1 
s i n  8 + k (1 + k2 + 2k s i n  e )  + cos @ J 
It i s  s e e n   t h a t  v s a t i s f i e s   t h e   b o u n d a r y   c o n d i t i o n   f o r   t h e   a r c  
t r a n s l a t i n g  upward a t  u n i t  v e l o c i t y .  rl 
I n  o r d e r  t o  b r i n g  o u t  t h e  symmetry p rope r t i e s  o f  t he  ve loc i ty  
components, bo th  ve loc i t i e s  a re  g iven  in  t e rms  o f  B w i t h  t h e  h e l p  of 
equat ion (36) as   fol lows:  
v = 1 - 2k2cos2 B 
rl 
- ZE-E [l + k 2 ( s i n 2  B - cos2 311 J 
v@l 
" 
s i n  B 
I t  i s  seen   tha t   v r  i s  an  even  function  of B and i s  an odd 
function  of B .  
VG1 1 
The v e r t i c a l   v e l o c i t y  w1 i s  a l s o  used in   t he   l oad ing   equa t ion  
w1 = v s i n  @I + v cos @ 
@I1 rl 
(41) 
Equation (41)  can   be   expressed   en t i re ly  i n  terms of B by use  of 
equat ion (40 )  and t h e   r e l a t i o n s h i p s  
s i n  $I = 1 - 2k2cos2 3 
cos p = 2k cos 3 Yl - k2cos2 3 
w i t h  t h e  r e s u l t  t h a t  
w l = l -  2k cos2 B s i n  B (k s i n  B + $1 - k2cos2 9 ) (43) 
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S o l u t i o n  f o r  D i l a t i n g  C i r c u l a r  A r c  
Complex po ten t i a l . -  The complex p o t e n t i a l  and v e l o c i t i e s  f o r  a 
d i l a t i n g  a r c  c a n  be obtained i n  a manner s i m i l a r  t o  t h a t  for a t r a n s l a t i n g  
a rc .  The boundary  condi t ions i n  t h e  cl p l a n e ,   f i g u r e   5 ( 8 ) ,   a r e   t h a t  
a@/& be u n i t y  on t h e  a r c  and t h e  v e l o c i t y  a t  i n f i n i t y  be zero.  The 
f l o w  e x t e r n a l  t o  a c i r c u l a r  a r c  w i t h  an as yet undetermined normal 
v e l o c i t y  d i s t r i b u t i o n  i n  the Cs p l a n s  can be t ransformed as  before  t o  
a c i r c u l a r  a r c  w i t h  a un i form normal  ve loc i ty  d is t r ibu t ion .  The speci-  
f i c a t i o n  o f  t h e  n o r m a l  v e l o c i t y  d i s t r i b u t i o n  i n  t h e  c 4  plane  is  de te r -  
mined by   t he   boundary   cond i t ions   i n  t he   p l ane .  
The flow due t o  any d i s t r ibu t ion  o f  no rma l  ve loc i ty  on t h e  c i rc le  
i n  t h e  c 4  plane  can be represented   by  a Laurent series 
m 
The problem i s  t o  d e t e r m i n e  t h e  c o e f f i c i e n t s  an  which w i l l  s a t i s f y  
the  normal  boundary  condition i n  t h e  5 ,  p l a n e ;   t h a t  is, u n i t  normal 
v e l o c i t y  on t h e  c i r c u l a r  a r c .  W e  s a t i s f y  t h e  b o u n d a r y  c o n d i t i o n  i n  t h e  
fol lowing way 
Equation  (45) is  a Laurent series i n  c 4  val id   over   the  complete  
i n t e r v a l  0 8 2 2 ~ .  On t h e  circle,  we f i n d   t h a t  
i@ 2 e 
< 3  - (ke ) (eie + i k )  i e  + 
2 i ( s i n  8 + k) 2 
T 3  L2 
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so t h a t  e q u a t i o n  (45)  becomes 
m 
na - i (n+ l )e   (ke i e  + i) (eie + i k )  (47) 
n+ 1 2 i ( s i n  8 + k )  a a r c  n= 1 
o r  
m 
( s i n  8 + k )  = - $ - e (1 + 2k s i n  8 + k 2 )  nan -in8 n+ 1 a 2 a r c  n= 1 
(48) 
Defining 
w e  g e t  
W 
(Vr, - ( s i n  8 + k)  = - - ’C -in8 2 (Pn + i Q n ) e  (1 + 2k s i n  8 + k 2 )  cl a r c  n= 1 
( 5 0 )  
Since  vr2 i s  u n i t y  on t h e   a r c  i n  t h e  5 ,  plane ,  w e  o b t a i n   f o r   t h e  
r e a l  p a r t  of equat ion (50)  a f te r -some manipula t ion  
W 
W e  have the known F o u r i e r  s e r i e s  
00 
s i n  8 + k 




'2 n = ( 2 )  (-1) k 
n 211-1 
n = 1 ,2 ,3 ,  ... 
'2 n-1 = o  
Q2 n-1 = ( 2 )  (-1) k 
n  2n-2 
( 5 3 )  
(54)  
Q2 n = o  
Accordingly,  the complex p o t e n t i a l  i s  
The s e r i e s  c a n  be r ewr i t t en  a s  fo l lows  
From t h e  known expans ions   for   In  (1 + x)  and tan-' x ,  we can sum 
the  Le r i e s  
The expres s ion   fo r  W, c a n   b e   f u r t h e r   s i m p l i f i e d   t o  
Velocity components.- The v e l o c i t y  components have been evaluated 
i n  t h e  same manner a s  fo r  t he  p rev ious  case .  The r e s u l t s  f o r  t h e  r a d i a l  
and t a n g e n t i a l  v e l o c i t i e s  o n  t h e  a r c  a r e  
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I t  i s  no ted  tha t  i s  an even  function  of B while  v@2 i s  an odd 
func t ion  ana logous  to  the  and v velocity  components. W e  a r e  
a l s o   i n t e r e s t e d   i n  w2 fo r   de t e rmin ing   t he  wing  loading 
v r P  
vrl @1 
w2 = v s i n  @ + v cos @ 
r2 @2 
= s i n  @ -  cos @ s i n  @ 
With the   he lp   o f   equa t ion  ( 4 2 )  t h e  r e s u l t  f o r  w2 becomes 
2k2cos2 B 
s i n  B w 2 = 1 -  (. s i n  @ + 7/1 - k2cos2 
Wing Loading 
The wing loading equations w i l l  now be determined with the help of  
equat ion ( 1 7 ) .  The loading i s  cons ide rab ly  s imple r  t o  ob ta in  than  the  
pressure   d i s t r ibu t ion   because   the   even  terms i n  @ do  not   contr ibute  
to   t he   l oad ing .   Cons ide r ,   f o r   i n s t ance ,   t he   squa res   t e rm,  v2 + w 2 )  i n  
equat ion ( 1 7 )  , o r  i t s  equal ,  v2 + v2 From equat ions (40)  and (59)  it 
i s  c l e a r   t h a t  v and are  ven i n  B .  The q u a n t i t i e s  v and 
r @. 
rl vr2 @I 
v@2 
a re   bo th  odd i n  B by   t he  same equat ions.   Accordingly,   the   square 
te rm cont r ibu tes  noth ing  to  the  loading .  
The loading i s  g iven  wi th  the  he lp  of  equat ion  ( 1 7 )  as 
2(uu - Ua) 2 d W u  - W a )  
A P  = P L - Pu - - + vcu va3 
where t h e   s u b s c r i p t s  u and 1 r e f e r   t o   c o r r e s p o n d i n g   p o i n t s  on t h e  
upper and lower surfaces  respect ively.  Consider ing now o n l y  t h e  p a r t s  
of u and w odd i n  @, we have 
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AP = 4(2+ awU 
odd 
where the subscript odd a p p l i e s  t o  quan t i t i e s  of  the upper sur face .  
From equations ( 2 0 )  and (21) taking cos a equal t o   u n i t y  
d 2 r   d r  ''2 
dX2 @2(odd 
+ -  
@1 = r k   [ k  - 2 s i n  f3 1 - k2cos2 f31 
a2 = -r I n  (dl - k2cos2 p + k s i n  p 
= - 2 r  tanh-l k s i n  @ - r I n  (1 - k2)  (67) 
1 - k2Cos2 f3 
The Qdd p a r t s  o f  the d e r i v a t i v e s  a r e  found f i r s t  by t ak ing  the 
de r iva t ives   o f  Wl(<) and W 2 ( < )  w i th   r e spec t   t o   x ,   de t e rmin ing  the 
value of  the r e s u l t i n g  complex e x p r e s s i o n s  a t  t h e  canopy su r face ,  and 
t h e n  e x t r a c t i n g  t h e  r e a l  p a r t s .  These processes ,  w h i c h  a r e  q u i t e  
l eng thy ,  y i e ld  the fo l lowing  r e su l t s .  
- k7/1 - k2cos2 f3 
" 
s i n  f3 2 cos2 f3 (1 + k2 - 2k2cos2 B )  (s) odd 
+ (1 + 2k2cos2 f3 - 4k4cos4 B )  (s) + & (g)] 
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- k7/1  - k2cos2 p 
[-4 cos2 B ($$) + - k2 (1 - 2 cos2 B 2 odd 2 s i n  B 
+ 2k2cos2 B )  (2) - k2 (1 1 - k2)  (g)] 
It i s  noted  tha t  the  three  independent  parameters  spec i fy ing  the  shape  
have  been  taken t o  be r,  e ,  and f t o g e t h e r   w i t h   t h e i r  x d e r i v a t i v e s .  
The t o t a l  l o a d i n g  c a n  t h e n  b e  w r i t t e n  
A P  = + 8 r  - z:z k s i n  By1 - k2cos2 (3 
r ”I 
2k s i n  B - j / 1  - k2cos2 B - I n  1 1  - k2cos2 (3 + k s i n  B 
1 - k2cos2 B - k s i n  B 
L 
- s i n  B 1 - k2cos2 (3 + k s i n  
1 - k2Cos2 B In c;l - k2cos2 B - k s i n  I] 
- (%I(%) (1 - k 2 )  s i n  ’$ k 111 - k2cos2 f3 
+ 4 ($) (2) kql - k2Cos2 (1 + 4k2cos2 B - 8k2cos4 (3) ; 
s i n  B 
It is noted  tha t  the  loading  depends  on the shape parameters  dr /dx,  
de/dx, and df/dx  as well  a s  d2r/dx2,  d2e/dx2, and a .  There  are  a 
number of d i s t i nc t  t ypes  o f  l oad ing  a s soc ia t ed  wi th  the  seven  cha rac t e r -  
i s t i c  terms i n  t he  fo rego ing  r e su l t .  A l l  bu t  those  assoc ia ted  wi th  
d2e /dx2   and   d2r /dx2   exhib i t   he   usua l   square- root   s ingular i ty   a t   he  
edges of the  wing.   Integrat ion  of   these  pressure  dis t r ibut ions  spanwise 
across  the canopy w i l l  y i e ld  the  chordwise  load  d i s t r ibu t ion  wi thou t  any 
effects  of  leading-edge suct ion.  
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Normal Force and Moment D i s t r i b u t i o n s  
The q u a n t i t y  W(<) can be expanded i n  a Laurent series 
Herein < is  Che complex va r i ab le   i n   t he   y , z   coo rd ina te   sys t em.  
< = 17 + i z  = 5 ,  - i x   t a n a (73) 
The c o e f f i c i e n t s  Do and Cn a r e   g e n e r a l l y  complex, and Do i s  zero 
fo r  t he  p re sen t  ca se  where in  the  wing  has  no  volume. I f  we express  
Cn as   fo l lows  
Cn = An + i B n  
then from equations  (3-64) and (3-66) , r e fe rence  4 ,  w e  have  fo r  t he  
normal  force ( Z )  and t h e  pitching-moment c o e f f i c i e n t  M 
Y 
M + iMz = 4rixC, (x) - 4 r i  [ C, dx Y 
0 
(74) 
where the va lues   o f  Z and M a re   t hose  for t h e  wing  canopy  from i t s  
leading  edge  up t o  some chordwise  dis tance  x .  A r e s u l t  o f  t h i s  n a t u r e  
Y 
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y i e l d s  the chordwise  load  d i s t r ibu t ion  by  d i f f e ren t i a t ion .  The chord- 
w i s e  l o a d i n g  i n c l u d e s  t h e  effects  of leading-edge suction. 
The c o e f f i c i e n t  C, f o r  W(<) can be w r i t t e n  from  equation ( 7 1 )  a s  
where C,, and a r e   t hc o e f f i c i e n t s   o f   i   t h eL a u r e n t  
expansions  for  W1(<) and W,(<), r e s p e c t i v e l y .   S i n c e   t h e   s e r i e s   o f  
t ransformations C 4  + c 3  + c 2  - 5 ,  + c a r e  t h e  i d e n t i t y  t r a n s f o r m a t i o n s  
a t   i n f i n i t y ,   t h e   c o e f f i c i e n t s  C,, and C,, a r e   t h e  same i n   a l l   p l a n e s .  
C o l l e c t i n g  t o g e t h e r  p r e v i o u s  r e s u l t s  from  equations (33)  and (58) 
c1 2 
we  can see by  in spec t ion  tha t  
c,, = - i ( a 2  + j2) (79)  
and 
The assumption i s  now  made t h a t   c o s  a d o e s   n o t   d i f f e r   s i g n i f i c a n t l y  
from un i ty .  These  r e su l t s  l ead  d i r ec t ly  to  the  equa t ion  fo r  t he  no rma l  
f o r c e  
o r  
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and f o r  the p i t c h i n g  moment about the apex 
o r  
Induced  Drag 
For the p r e s e n t  l i f t i n g  s u r f a c e  which h a s  no volume, the induced 
drag  i s  given by equat ion (3-74)  of r e fe rence  4 ,  a s  
where C is  a c o n t o u r  e n c l o s i n g  t h e  b a s e  o f  t h e  l i f t i n g  s u r f a c e  i n  t h e  
rearmost   crossf low  plane,  v i s  the  outward  normal   in   the  crossf low  plane,  
and z i s  the   t angent .  Now r epea t ing   equa t ion  ( 1 2 )  
"+ 
d 
@ = -V,cos a d r  
+ x~ ,cos  a + zV,sin a (86) 
and  making the  assumption  that   cos  a i s  u n i t y ,  w e  de f ine   t he   fo l lowing  
q u a n t i t i e s  
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wherein 
A, - d r  dx 
h - ‘ x + z t a n a  
3 
The values   of  Q, and G2 on the   su r f ace   have  odd  and even par t s ,  
and s i n c e  d@/dv is  an odd funct ion  of  B ,  on ly   t he  odd par t s  of Q1 
and 9, a t   h e   s u r f a c e   c o n t r i b u t e   t o   t h e   i n d u c e d   d r a g .  From equat ions  
(66)  and (67)  , we f i n d  
(G1 1 = -2a s i n  /3vl - k2cos2 f5 
odd 
(G2) - ”  k In(  
a  k s i n  B + 41 - k2cos2 B ) 
(89) 
odd -k s i n  ,6 + q l  - k2cos2 B 
or 
On t h e  wing surface 
d@2 
a r  - ”
Equation (85)  fo r  t he  d rag  can  be w r i t t e n  





I1 = - f O l  d-r 
C 
da 
s i n  @ = 1 - 2k2cos2 f3 1 
COS @ = 2k cos f37/1 - k2cos2 f3 L (94) 
d r  = r d$ = 4rk2cos f3 s i n  g dB - 2rk s i n  f3 dB 
7/1 - k2cos2 p 
- 
cos @ J 
The integrals can be evaluated as  fol lows.  
1, (-2a s i n  - k2cos2 f3) s i n  @ ( 2 r k  s i n  - 
0 q l  - k2cos2 p 
= + 8ark s in2  f3 ( 1 - 2k2cos2 g,) df3 i 
0 
Now 





I, = +8ark (5 - k2 5) = +2nark ( 2  - k2) 
A l s o ,  
I2 (-2a s i n  By1 - k2cos2 f3 ) (2rk sin @ ) d B  
0 
41 - k2cos2 f3 
n- 
= 8ark   s in2  B dB 
0 
= 4nark 
A l s o  
(95)  
I 1  
= + 8ar  t nh-I k s i n  B (1 - 2k2cos2 f3) s i n  f3 dB 
0 1 - k2Cos2 B 41 - k2cos2 f3 
= 4-rrark 
F i n a l l y ,  
Tr 
I, = -2 1 [- tanh-’ ( 7(1 - k2cos2 f3 1 - k2Cos2 B k s i n  B 
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The value of this i n t e g r a l  is  worked out i n  appendix A. With the 
n o t a t i o n  
J ( k )  = 
tanh-'( 
k s i n  B 
dB 
0 41 - k2cos2 B 1 - k2Cos2 f3 
we have 
I, = 8arkJ (k )  
From equat ion (92)  the induced drag is found t o  be 
- Di = 2~rark  [(g + $$) ( 2  - k2)  - 4 dx r  (;i; d r  + 2) + --(dX)2] 4J  dr (101) 2 
q 
This r e s u l t  c a n  be a p p l i e d  t o  the t r a i l i n g  edge  of  the  nonplanar  l i f t ing  
s u r f a c e  t o  d e t e r m i n e  the induced  drag.  Such  induced  drag  includes 
components a s s o c i a t e d  w i t h  l i f t  and w i t h  z e r o  l i f t .  For a c y l i n d r i c a l  
parawing  dr/dx i s  zero,  and i f  it i s  f u r t h e r   a t   z e r o   a n g l e   o f   a t t a c k ,  
then de/dx i s  also  zero.   Accordingly,   the   induced  rag-given  by 
equation  (101) i s  ze ro ,  a s  it should be. 
I t  i s  o f  i n t e r e s t  t o  c o n s i d e r  t h e  r a t i o  o f  normal f o r c e  t o  induced 
drag   as   g iven   by   equat ions  ( 8 2 )  and ( 1 0 1 ) .  From t h e s e  r e s u l t s  it i s  
r e a d i l y  shown t h a t  
r 1 
For a f l a t  p l a t e  ah angle of a t t a c k  a ,  it can be shown from  equation  (102) 
t h a t  
" " 
z 2  
Di a 
31 
This  is t h e  well-known resu l t  o f  s lender -body theory  tha t  the  induced  
drag due t o  l i f t  corresponds t o  a r e a r w a r d  i n c l i n a t i o n  o f  t h e  r e s u l t a n t  
f o r c e  v e c t o r  d u e  t o  l i f t  of a/2.  
Leading-Edge Suct ion and Vor t ex  L i f t  
I n  t h e  p r e s e n t  c a s e  o f  a nonp lana r  l i f t i ng  su r face ,  t he  l ead ing -edge  
suction forces can change the magnitude of the l i f t  and d rag  as w e l l  a s  
t h e  s ide  f o r c e  o f  e i t h e r  p a n e l .  I t  is  o f  i n t e r e s t  t o  know  how important 
the  e f fec t  o f  lead ing-edge  suc t ion  is  on these aerodynamic quant i t ies  
fo r  nonp lana r  l i f t i ng - su r face  shapes  typ ica l  o f  a l l - f l ex ib l e  pa rawings .  
Leading-edqe suction.- Usually an evaluation of the leading-edge 
s u c t i o n  is made by  the  method of Jones and Cohen, reference 5, which 
u t i l i z e s  complex in tegra t ion  a round a con tour  pa r t i a l ly  su r round ing  the  
edge. I n   t h e   p r e s e n t  case, a d i f f e r e n t  method i s  u t i l i z e d .  The normal 
f o r c e  as obtained from equat ion ( 8 2 )  inc ludes  the  lead ing-edge  suc t ion  
fo rce .  W e  may determine  the  normal  force  without  leading-edge  suction 
b y  i n t e g r a t i n g  t h e  p r e s s u r e  d i s t r i b u t i o n s  g i v e n  b y  e q u a t i o n  (70 )  over 
t he  l i f t i ng  su r face  exc lus ive  o f  con tour s  a round  the  l ead ing  edges .  The 
d i f f e r e n c e  i n  no rma l  fo rce  fo r  t he  two c a l c u l a t i o n s  is  t h e  component of 
lead ing-edge   suc t ion   force   in   the   normal - force   d i rec t ion .  The leading- 
edge  suc t ion  force  i s  normal t o  t h e  l e a d i n g  edge i n  a p l ane  t angen t  t o  
t h e  l i f t i n g  s u r f a c e .  Knowing t h e  d i r e c t i o n  and t h e  one  component  of t h e  
leading-edge suction, w e  can therefore  determine i t s  o t h e r  components. 
The in t eg ra t ion  o f  equa t ion  (70 )  t o  o b t a i n  tk normal-force  chord- 
w i s e  d i s t r i b u t i o n  w i t h o u t  s u c t i o n  h a s  b e e n  c a r r i e d  o u t  f o r  a l l  s e v e n  
terms of tha t   equa t ion .   In t roducing   the   fo l lowing   subscr ip t   no ta t ion  
" d2e 2e dx2 
" d2r 2r 
dx2 (gr - ee 
(104) 
"- de  df ef d r  df rf d e   d r  er 
dx  dx 
"- "- 
dx  dx  dx  dx J 
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w e  f i n d  the f o l l o w i n g  r e s u l t  for the €irst  component 
dCZ @r - = - AP2esin @ r d@ 2 8  1 dx sR 
$1 
The r e s u l t s  €or all seven components of t he  load ing  wi thou t  suc t ion  a re :  
4 r r 2  d 2 r  k4  - = - -  -




where the   induced   drag   assoc ia ted   wi th   vor tex  l i f t  (ACDi)v by  analogy 
with  equation  (126) is 
= cs [a cos(n ,  , z )  + cos (n,,x) I 
(ACT i r 
Tfieory for Conical Parawings 
Whi le  an  a l l - f lex ib le  parawing  i s  n o t  c o n i c a l ,  t h e  q u a l i t a t i v e  
e f f e c t s  of spanwise camber f o r  a c o n i c a l  p a r a w i n g  a r e  o f  i n t e r e s t  t o  t h e  
e x t e n t  t h e y  l e p d  t o  an unders tanding  of  a l l - f lex ib le  parawings  wi th  
large  spanwise camber. T h e r e f o r e ,  t h e  f o r e g o i n g  t h e o r e t i c a l  r e s u l t s  will 
be a p p l i e d  t o  a con ica l  pa rawing  to  ob ta in  c losed  a lgeb ra i c  r e su l t s  fo r  
t he  e f f ec t s  o f  spanwise  camber. 
The conf igu ra t ion  type  i s  i l l u s t r a t e d  i n  f i g u r e  6 w i t h  t h e  s t r a i g h t  
l e a d i n g  e d g e s  l y i n g  i n  t h e  x-y p lane  and a l l  s e c t i o n s  o f  t h e  canopy 
i n  p l a n e s  p a r a l l e l  t o  t h e  y-z p lane   be ing   c i rcu lar   a rcs   o f   un i form k. 
The  canopy i s  t h u s  p a r t  of a c i r c u l a r  cone. For a  canopy  which i s  h a l f  
of a r i g h t  c i r c u l a r  c o n e  i n  p a r t i c u l a r ,  t h e  c r o s s  s e c t i o n s  a r e  semi- 
c i r c u l a r  and  k = 0.707. 
For a conical  canopy,  the angle  of a t t a c k  of the chord plane i s  
a = -  de + df 
dx dx 
so t h a t  
d r   e a + ( -+"= 
dx dx 2 k v G  dx 
1 - 2k2) d s  -
where s i s  the   loca l   semispan .  
A l s o ,  
" 
d r  1 ds 
dx 2 k d G  dx 
- -
Writ ing equat ion (82)  in  the fol lowing form 
- = RS2 (1 + 1 - k2) a + RS2 (1 + -Ik2)(% - g)- Z 1 2ss2 * 9 1 - k2 dx 
and u t i l i z ing  equat ions  (133)  to  (135) ,  we obtain the normal-force 
c o e f f i c i e n t  
1 - 2k2 1 %} (137) 
2k ./1-.. k ( l  - k2) 3/2 dx 
Al t e rna te ly ,  
- 'R - =  'Z 
s2 a m 
it i s  conven ien t  t o  form a normal-force parameter 
(% 2) = (1 - k2) ~ ( 2  - k 2 )   k ( 5  - 2k2 (*)I (138) [l - 2 ( 2  - k2)  $$% 
which  depends  only on k and a/(ds/dx) . From equation  (137) , the   term 
p r o p o r t i o n a l  t o  a is  as soc ia t ed  wi th  the  s lope  o f  the  normal-force 
curve.  For  fixed  values  of  ds/dx  and a, t h e   r a t i o   o f  normal  force 
due to a with and without  spanwise  camber i s  given  by 
The quan t i ty  K can be thought  of  as  an apparent mass r a t i o  which 
i n d i c a t e s  t h e  e x t e n t  t o  which spanwise camber increases the l if t-curve 
s l o p e .   I f  f3 > 90°, w e  can  form  a s i m i l a r  r a t i o .  The r a t i o  chosen i s  
t h a t  o f  the normal  force  due t o  a f o r  t h e  cambered s u r f a c e  t o  t h a t  of 
t h e  f l a t  s u r f a c e  h a v i n g  t h e  same m a x i m u m  span, which i s  now the cone 
d i ame te r .   I n   t h i s   ca se ,  we have 
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.. . . .. 
With regard to  the  ang le  o f  ze ro  no rma l  fo rce ,  t he  ana lys i s  y i e lds  
5 + 3 -  f2  1 5 - 2k2 
m = T  2 - k 2  2(2+s)' - s2 - 0 < p < 180° 
or i n  terms of the parameter ds/dx 
Results s i m i l a r  t o  t h o s e  f o r  n o r m a l  f o r c e  c a n  a l s o  be ob ta ined  fo r  
induced  drag. Frpm equat ion  IlOl) and equations  (133) and  (134) we f i n d  
+ 4J/a - (1 - 2k2) ( 2  + 5k2 - 2k4) 4k2 (1 - k2)  ( 2  - k2) (*y) (143) 
To o b t a i n  the p a r t  of t h e  normal force due t o  leading-edge suction, 
we write  equation  (123) as 
I n t e g r a t i o n  of the foregging equat ion over  the r o o t  c h o r d  y i e l d s  t h e  
normal - force  coef f ic ien t  
(Ac,) = - - cl - k2) [ 6 + 8rk2 




dx cr ’ 2kd- 
”. I- 1 ”  
it can  eas i ly  be  shown t h a t  
(Ac, 1 
4 - = - 2 r k ( l  - k2) 3/2 (-“) [ 1 - k ( 3  - 2k2) 
A? U dx/dx 2 ( 1  - k2)3/2  a 
It i s  s e e n  t h a t  t h e  f r a c t i o n a l  p a r t  o f  t h e  t o t a l  n o r m a l  f o r c e  d u e  t o  
leading-edge  suction  thus  depends  only on the  parameters  k and 
a / ( d s / d x ) .   I f  k is ze ro  as  f o r  a f l a t  p l a t e ,  no normal  force is 
associated  with  leading-edge  suct ion.  However, i f  k i s  g r e a t e r   t h a n  
zero, a nega t ive  noma1 force  i s  associated with such suct ion,  and l o s s  
of  suc t ion  results i n  an increase i n  normal force. 
The induced drag associated with leading-edge suction can be r e a d i l y  
obtained  from (AC,) wi th   the   he lp   o f   equa t ion  (127)  . Using  the 
d i r e c t i o n  c o s i n e s  d e r i v e d  i n  Appendix B,  we f i n d  
From equations (143) and (148),  the induced drag with and without  leading-  
edge suction can be r e a d i l y  c a l c u l a t e d .  
An add i t iona l  i t em i s  o f  i n t e r e s t .  It  is  noted  in   equat ion  (147)  
tha t  the  lead ing-edge  suc t ion  is  z e r o  a t  a cer ta in  angle  of  a t tack .  BY 
analogy With a i r f o i l  p r a c t i c e ,  w e  term t h i s  a n g l e  o f  a t t a c k  t h e  i d e a l  
angle Of a t t ack ,  aideal. From equat ion   (147) ,   th i s   angle  is  given by 
a i d e a l  - k ( 3  - 2k2) 
2 (1 - k2) 3/2 - 
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Using  the  d i rec t ion  cos ines  we f ind  
Vortex l i f t . -  It i s  of in te res t  to  determine the probable  importance 
of t he  vo r t ex - l i f t  concep t  of Polhamus, re ference  6,  f o r  a l l - f l e x i b l e  
parawing  applications.   In  this  concept,   the  force  of  leading-edge 
suc t ion  i s  no longer assumed t o  a c t  normal to  the  l ead ing  edge  i n  a plane 
t a n g e n t  t o  t h e  canopy. I t  i s  assumed t h a t  a separat ion  bubble   occurs  on 
the upper  surface of  the wing extending from the leading edge inward  and 
t h a t  t h e  s u c t i o n  f o r c e  i s  changed only in  direct ion but  not  i n  magnitude. 
For the present  purpose,  it i s  assumed t h a t  t h i s  b u b b l e  i s  of such a 
s m a l l  e x t e n t  t h a t  t h e  f o r c e  i s  ro t a t ed  goo on the  ave rage  to  a d i r e c t i o n  
along n1 normal t o  t h e  canopy and the  leading  edge.  + 
To obtain the vortex normal  force,  ( A C z ) v ,  we have 
and  from equation ( 1 2 5 )  
The t o t a l  no rma l  fo rce  wi th  vo r t ex  l i f t  i s  then 
I n  o r d e r  t o  o b t a i n  t h e  t o t a l  i n d u c e d  d r a g  w i t h  v o r t e x  l i f t ,  ( C D . )  , 
we have 
1 v  
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L e t  u s  t u r n  now t o  eva lua t ing  the  inc remen t s  i n  normal f o r c e  and 
d r a g  a s s o c i a t e d  w i t h  v o r t e x  l i f t .  From the  d i r ec t ion  cos ines  g iven  in  
Appendix B y  we f ind  us ing  equa t ion  (129)  tha t  
The induced  d rag  a s soc ia t ed  wi th  vo r t ex  l i f t  becomes, using equation (132),  
For purposes of later comparison, it i s  d e s i r e d  t o  o b t a i n  s p e c i f i c  
r e s u l t s   f o r  k = 0. I n   t h i s   c a s e ,   t h e   r e s u l t s  of  equations (138) and 
(143)  yield the fol lowing nondimensional  resul ts  for  l i f t ,  induced drag,  





With  no  leading-edge  suction, we f i n d  t h e  same r e s u l t  f o r  Cz,  b u t  f o r  
t h e  o t h e r  q u a n t i t i e s  we have 
41 




RESULTS AND DISCUSSION 
Theore t ica l  Resul t s  for  Conica l  Canopies  
The nonplanar slender-body theory described in the preceding section 
of  the  repor t  has  been  used  to  make a s y s t e m a t i c  s e t  of c a l c u l a t i o n s  f o r  
conical   canopies  formed  by  segments  of c i rcu lar  cones .  These  ca lcu la t ions  
i l l u s t r a t e  a number of s i g n i f i c a n t  q u a l i t a t i v e  e f f e c t s  which have bearing 
on the  aerodynamics  of  real  parawings. L e t  u s  t h e n  c o n s i d e r  t h e  r e s u l t s  
for  conical  parawings and their  imp l i ca t ions  fo r  a l l - f l ex ib l e  pa rawings .  
I t  i s  of i n t e r e s t  t o  h a v e  a knowledge of the shape parameters  of  
an a l l - f l ex ib l e  pa rawing  in  o rde r  t o  a s ses s  the p robab le  app l i cab i l i t y  
o f  t he  theo re t i ca l  r e su l t s  fo r  con ica l  pa rawings  to  those  o f  t he  a l l -  
f l e x i b l e   t y p e .  The va r i a t ion   o f  s and k wi th   chordwise   d i s tance   a re  
shown i n  f i g u r e  7 as  ob ta ined  from shape measurements on a twin-keel 
a l l - f lexible   parawing.   Examinat ion  of   the  var ia t ion of s wi th  x 
n e a r  t h e  t r a i l i n g  edge of the root chord shows t h a t  it i s  no t  poss ib l e  
to  charac te r ize  the  parawing  by  a s ing le  va lue  of  ds /dx  as  for  a con ica l  
one.  However, f i g u r e  7 (b) shows t h a t  a value  of k = 0.5 i s  a good 
average value €or the parawing. 
Cons ider ing   f i r s t   normal - force   resu l t s ,  the apparent  mass f a c t o r  K 
given  by  equations  (139) and (140) i s  shown a s  a function  of  the  spanwise 
camber parameter k i n   f i g u r e   8 ( a ) .  I t  i s  no ted   t ha t  a sur face   o f  
s emic i r cu la r  c ros s  sec t ion  has  a normal-force curve slope 50 percent  
g r e a t e r  t h a n  t h a t  f o r  a t r i a n g u l a r  f l a t  wing of the same span. For the 
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l i m i t i n g  Case  of k = 1, the slope i s  doubled. The l i m i t i n g  c o n f i g u r a t i o n  
f o r  k = 1 is n o t  a s o l i d  c i rc le  because there is still a s l i t  i n  the 
bottom meridian,  and p r e s s u r e s  exist  on both s i d e s  of the wing surface. 
Cgrresponding results f o r  t h e  a n g l e  o f  zero normal  force  a re  shown i n  
figure 8 (b) . The angle  is grea ter  than  df /dx  because  the wing has 
geometric washout. 
There exis ts  an ideal  ang le  o f  a t t ack ,  ca l cu lab le  from equat ion  (149) ,  
f o r  which the leading-edge Buction becomes z e r o  a t  a l l  po in t s  a long  the 
leading  edges.  The r a t i o  o f  i d e a l  angle Qf   a t t ack  t o -  ds/dx is  shown a s  
a func t ion   of  k i n  f i g u r e  9 toge the r  w i t h  corresponding resul ts  f o r  ao. 
The i d e a l   a n g l e  of a t t a c k   v a r i e s  from 1 . 2  a, a t  k = 0 t o  1.5 a, a t  
k = 0.707. For a wing o f  a s p e c t  r a t i o  2 ,  ds/dy = 0.5.  For k = 0.5, 
t h i s  wing would have  an  idea l  ang le  o f  a t t ack  c lgse  to  0.5 r a d i a n .  I f  
the  wing were operated a t  an  angle  less  than  the idea l  ang le  o f  a t t ack ,  
t h e  s t a g n a t i o n  p o i n t  would move t o  the upper canopy surface,  and l u f f i n g  
would occur .  
I t  i s  o f  i n t e r e s t  t o  examine the e f f e c t s  of leading-edge suction and 
v o r t e x  l i f t  on normal-force and d r a g  c h a r a c t e r i s t i c s  o f  c o n i c a l  c a n o p i e s .  
The e f f e c t s  a r e  f u n c t i o n s  o f  t h e  amount of  spanwise  camber. A s  a b a s i s  
of comparison for t h e  e f f e c t  of spanwise C a m b e r ,  l e t  us examine the 
effects   of   leading-edge  suct ion and v o r t e x  l i f t  f i r s t  f o r  k = 0. Figure  10 
has  been prepared for  this  purpose,  based on the  s imple  r e su l t s  g iven  by 
equations  (152) t o  (155) i n  a form  independent of a spec t   r a t io .   F igu re   lO(a )  
shows  no effect  of  leading-edge suct ion on normal  force,  but  a l a r g e  
e f f e c t  o f  v o r t e x  l i f t  is  exh ib i t ed  a t  t he  l a rge r  va lues  o f  a / (ds /dx )  
a t ta inable  with low-aspect-rat io  wings.  The d rag  cu rves  in  a non- 
dimensional form a r e  shown i n  f i g u r e  1 0 ( b ) .  A t  small  normal-force 
c o e f f i c i e n t s  the induced  qrag  assoc ia ted  wi th  vor tex  l i f t  can  exceed  tha t  
w i t h  no suc t ion ,  b u t  a t  h igh  normal - force  coef f ic ien ts  the induced drag 
w i t h  v o r t e x   l j f t   a p p r o a c h e s   t h a t   w i t h   f u l l   s u c t i o n .  The r a t i o  Z/Di is  
plot ted i n  f i g u r e  1 O ( c )  t o  show the approximate magnitude of  the rat io  of  
normal   force  to   induced  drag.  It  is c l e a r  t h e  v o r t e x - l i f t  e f f e c t s  on 
th i s  r a t i o  a r e  i m p o r t a n t  o n l y  f o r  s m a l l e r  v a l u e s  o f  t h e  r a t i o .  A t  l a r g e  
va lues   o f  Cz, the r a t i o  Z/Di w i t h  v o r t e x  l i f t  c a n  b e  g r e a t e r  t h a n  t h a t  
f o r  f u l l ' s u c t i o n .  
43 
For comparison with the foregoing resul ts  i n  f i g u r e  1 0  f o r  k = 0, 
a co r re spond ing   s e t  i s  shown i n  figure 11 €or k = 0 . 5 .  This   va lue  o€ 
k was chosen because it i s  the average value measured for  a twin-keel 
a l l - f l ex ib l e  pa rawing .  In  f igu re  11 ( a )  , it i s  n o t e d  t h a t  the l o s s  o f  
leading-edge suction now causes  an i n c r e a s e  i n  normal force where none 
was mani fes t  p rev ious ly .  The d i f f e r e n c e  i n  normal  force  between  the 
fu l l - suc t ion  and no-suct ion cases  i s  a lmost  as  grea t  as  tha t  be tween the  
v o r t e x - l i f t  and fu l l - suc t ion   ca ses .  One impor tan t   e f fec t   o f   spanwise  
camber i s  t h u s  t h a t  l e a d i n g - e d g e  s u c t i o n  c a n  h a v e  s i g n i f i c a n t  e f f e c t s  on 
normal  force  where  none  occurred  for k = 0. 
For k = 0.5,  t he  s t r eng th  o f  t he  l ead ing -edge  suc t ioa  i s  z e r o  
a l o n g  t h e  e n t i r e  l e n g t h s  o f  t h e  l e a d i n g  e d g e s  a t  a value of  a / (ds/dx)  
e q u a l  t o  0.96 r ega rd le s s   o f   a spec t   r a t io .  Hence, a l l   t h ree   no rma l - fo rce  
c u r v e s  f o r  a l l  t h r e e  c a s e s  h a v e  t h e  same norma l  fo rce  a t  t he  idea l  ang le  
of   a t tack .  A t  t he   i dea l   ang le   o f   a t t ack ,  the leading-edge  streamline is  
t angen t  t o  the  camber l ine ,  and small  changes in  the ang1i.- o f  a t tack  can  
p u t  a s t agna t ion  po in t  on e i t h e r  t h e  l o w e r  s u r f a c e  o r  u s p e r  s u r f a c e  o f  
t h e  canopy. 
I n  f i g u r e  l l ( b ) ,  the low ranges of the d rag  cu rves  a re  p re sen ted  
fo r  t he  cases  o f  fu l l  suc t ion ,  no  suc t ion ,  and v o r t e x  l i f t .  A t  t h e  
no rma l - fo rce  coe f f i c i en t  co r re spond ing  to  the i d e a l  a n g l e  o f  a t t a c k ,  a l l  
d rag   curves   a re   t angent .  The po in t   o f  m a x i m u m  Z/Di f o r  any drag  curve 
co r re sponds  to  the p o i n t  of tangency t o  the curve  of  a s t r a i g h t  l i n e  from 
t h e   o r i g i n .  It  can   t hus   be   s een   t ha t   t he   po in t s   o f  maximum Z/Di r a t i o  
occur for values of normal force less t h a n  t h a t  c o r r e s p o n d i n g  t o  t h e  
idea l   angle   o f   a t tack .  However, a conical  parawing  must  operate  above  the 
idea l  ang le  o f  a t t ack  so t h a t  it c a n n o t  a t t a i n  t h e  maximum value  of Z/Di. 
I n   f i g u r e   l l ( c ) ,   t h e   r a t i o   o f  Z/Di i s  shown v e r s u s   t h e  Cz parameter 
f o r   t h e   t h r e e   c a s e s .  The r e s u l t s   o f   t h i s   f i g u r e   f o r  k = 0.5 a r e  
q u a l i t a t i v e l y  t h e  same a s  t h o s e  i n  f i g u r e  1 O ( c )  f o r  k = 0. 
Direct  comparisons  of Z/Di r a t i o s   f o r  two values   of  k a r e  
g i v e n  i n  f i g u r e  1 2  f o r  t h e  f u l l - s u c t i o n  c a s e  and t h e  v o r t e x - l i f t  c a s e s .  
I n  t h i s  f i g u r e  it i s  seen that  spanwise carriber has  a f a v o r a b l e  e f f e c t  
on t h e  Z/Di r a t i o   f o r   b o t h   c a s e s .  
It a p p e a r s  t h a t  a p p r e c i a b l e  g a i n s  i n  t h e  r a t i o  o f  l i f t  t o  i n d u c e d  
drag could be r e a l i z e d  i f  an  a l l - f lex ib le  parawing  could  be  r igged  in to  
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a conical   shape.   For   example,   the   twin-keel   a l l - f lexible   parawing on 
which the  shape  data   were  taken  has  a Z/Di r a t i o  o f  2.90 and an L/Di 
r a t i o   o f  2.76 based on the present theory using measured geometric 
q u a n t i t i e s .  Assume t h a t  t h e  a l l - f l e x i b l e  p a r a w i n g  c o u l d  be r i g g e d  i n t o  
a c o n i c a l   s h a p e   v i t h  k = 0.5. A t  the po in t   o f  m a x i m u m  Z/Di cor res -  
ponding t o  t h e  l u f f i n g  b o u n d a r y ,  f i g u r e  l l ( b )  g i v e s  t h e  f o l l o w i n g  v a l u e s  
n 
The r a t i o  Z/Di is t h u s  
It thus a p p e a r s  t h a t  f o r  any  sma l l  o r  modera t e  a spec t  r a t io  a l l - f l ex ib l e  
parawing ,  subs tan t ia l  ga ins  would r e s u l t  i f  the parawing could be r igged 
c l o s e r  t o  t h e  c o n i c a l  s h a p e .  The g a i n  would r e s u l t  p r i n c i p a l l y  from 
o p e r a t i n g  c l o s e r  t o  t h e  l u f f i n g  c o n d i t i o n  w h i c h  c o r r e s p o n d s  t o  t h e  
h i g h e s t   u s e f u l  Z/Di r a t io .   Th i s   po in t   canno t  be a t t a i n e d   w i t h   p r e s e n t  
a l l - f lexible  parawings because pf  nose col lapse,  As l o n g  a s  t h e  i d e a l  
angle of a t tqck cannot  be a t t a i n e d ,  v o r t e x  l i f t  w i l l  b e  a f a c t o r  i n  
improved pel;formance. 
Measured Shapes and Aerodynamic C o e f f i c i e n t s  
During the cQurse 9f th i s  inves t iga t ion ,  the  Langley  Research  
Center conducted a wind-punnel program t o  o b t a i n  d a t a  on t h e  i n f l a t e d  
shapes of  both a s ing le-kee l  and a twin-keel  a l l - f lexible  parawing.  
pr ior  a t tempts  to  f ind  the  inf la ted  shapes  had  ipvolved  measur ing ,  
photographing, or r i g i d i z i n g  t h e  models. These methods were not generally 
s a t i s f a c t o r y ,  and t h e  method f ina l ly  adop ted  by Langley w a s  t he  use  o f  
sterep  photography. The experimental  arrangement is  shown i n  f i g u r e  13. 
The  wing is marked with 1-inch squares.  From the s t e reo  pa i r  o f  pho to -  
graphs ,  da ta  a re  obta ined  on t h e  l i n e  i n t e r s e c t i o n  p o i n t s  on t h e  wing 
and r e a d  d i r e c t l y  i n t o  punch c a r d s  f g r  use i n  a computer program which 
c a J c u l a $ e s  t h e  c o o r d i n a t e s  o f  t h e  p o i n t s  i n  a tunnel  axis  system. The 
c rosses  on t h e  t u n n e l  c e i l i n g  a r e  u s e d  a s  c o n t r o l  p o i n t s  i n  s e t t i n g  u p  
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t h e  s t e r e o  model. I n  a d d i t i o n  t o  o b t a i n i n g  t h e  s t e r e o  p h o t o g r a p h s ,  
aerodynamic performance was measured. 
The measurements described above w e r e  made on a s ing le-kee l  and  a 
twin-kee l  a l l - f lex ib le  parawing ,  for  bo th  of  which  cons iderable  pr ior  
aerodynamic data  had been obtained at  the Langley Research Center .  The 
ma jo r  pa r t  o f  t he  ana lys i s  and da ta  compar isons  of  the  present  inves t i -  
ga t ion  was conducted using these two conf igu ra t ions .  In  the  fo l lowing  
sec t ions  o f  this r e p o r t ,  t h e  s i n g l e - k e e l  and twin-keel parawings referred 
to  a re  those  desc r ibad  be low.  
Sinqle-keel parawin%.- The single-keel  parawing configurat ion used 
d u r i n g  t h i s  i n v e s t i g a t i o n  is  the b a s i c  wing conf igura t ion  of  re ference  7. 
The f l a t  canopy  arrangement, l i ne  a t t achmen t  loca t ions ,  and l i n e  l e n g t h s  
a r e  shown i n  f i g u r e  14. The in f l a t ed .  conf igu ra t ion  is shown mounted i n  
t h e  t u n n e l  i n  f i g u r e  13. 
This  conf igura t ion  was t e s t e d  i n  t h e  wind tunnel  over  a range of 
angles  of  a t tack ,  u7, from 26O t o  35O. The angle  a t  which t h e  h i g h e s t  
L/D r a t i o  o c c u r r e d  is 27O, which is the  angle  a t  which t h e  i n f l a t e d  
shape data were obtained. A t  this angle  the fol lowing aerodynamic data  
were obtained: 
CL = 0.95 
CD = 0.39 
L/D = 2.43 
The  canopy coordinates  of  the inf la ted  shape ,  as  ob ta ined  from t h e  
s tereo photography,  are  l isted i n  Appendix C. I n  o r d e r  t o  u s e  t h e s e  
da t a ,  it is n e c e s s a r y  t o  know something of  the coordinate  system set  up 
i n  the s t e r e o  model  and t h e  order i n  which the points  were read.  This 
lnformation is contained on the first page of Appendix C. .. 
For purposes of apply ing  aerodynamic  theor ies  to  the  knob canopy 
shape, the data of Appendix C w e r e  used to  cons t ruc t  chordwise  sec t ions  
a t  va r ious  spanwise  s t a t ions .  These  sec t ions  a re  shown i n  f i g u r e  15. 
The s e c t i o n s  w e r e  ob ta ined  fo r  a given  spanwise  s ta t ion  by  loca t ing  
t h o s e  p o i n t s  i n  the tabular  da ta  having  y '  va lues  wi th in  20 .10  inch  of  
the  nominal   y '   value of the desired semispan  s ta t ion  and p l o t t i n g  t h e  
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p o i n t s  on  an x ' - z '  graph .   This   p rocedure   g ives   acceptab le   resu l t s   over  
most of the canopy. Near the m a x i m u m  span and n e a r  t h e  l i n e  a t t a c h m e n t  
points along fhe leading edge, however,  the canopy surface i s  n e a r l y  
v e r t i c a l ,  and s m a l l   d i f f e r e n c e s   i n   y '   g i v e   l a r g e   d i f f e r e n c e s   i n   t h e  
z' coor&$nate. This d i f f i c u l t y  c a n  be most e a s i l y  v i s u a l i z e d  b y  
expn in ing  f igu res  lg (a )  and 1 6 ( b ) ,  which are  photographs showing the s ide 
and rear  v iews  of  a single-keel parawing having the same conf igu ra t ion  
and r i g g i n g  c h a r a c t e r i s t i c s  a s  t h a t  u s e d  i n  t h e  s h a p e  d e t e r m i n a t i o n  hests. 
Consequently, it is d i f f i c u l t   t o   o b t a i n  an accura t e  ' s ec t ion  nea r  t he  t ip ,  
as  ind ica ted  by  the  sec t ions  having  q values  near  1 i n  f i g u r e  1 5 ( b ) .  
The most forward points for a g iven  span  s t a t ion  a re  c lose  to ,  bu t  do  na t  
necessa r i ly  ind ica t e ,  t he  sec t ion  l ead ing  edges ,  bbeaause the high curva-  
t u r e  at the leading edge sometimes prevented the first one or  two points  
f rom be ing  seen  proper ly  iq  the  photographs .  
Twin-keel parawinq.- The twinrkeel pqrawivg configuraGion used in 
the  p re sen t  i nvegk iga t ion  is t h a t  d e s c r i b e d  i n  r e f e r e n c e  8. The canopy 
shape  data,  however,  were  obtained  on a wing  having  an $ of 75 inches 
r a t h e r  t h a n  t h e  1 5 - f o o t  s i z e  u s e d  i n  t h e  i n v e s t i g a t i o n  r e p o r t e d  i n  
r e fe rence  8. The f l a t  canopy  arrangement ,   l ine   a t tachment   locat ions,  
and l i n e  l e n g t h s  are shown i n  f i g u r e  1 7 .  
The conf igu ra t lon  desc r ibed  in  f igu re  17  was tested i n   t h e  wind 
tunnel  over  a range of angles of a t t a c k ,  qe,  from 24.2O- t o  31.8O. The 
shape  da ta  were  obta ined  a t  an angle of 24.8O which is. nea r  t he  m a x i m u m  
L/D r a t i o   c o n d i t i o n .  A t  this angle ,   the   fol lowing  aerodynamic  data  
were obtained: 
CL = 0.840 
L/D = 2.56 
The canapy coord inqtes  of  the  inf la ted  conf igura t ion ,  as  ob ta ined  
from the  s t e reo  pho tography ,  a r e  l i s t ed  $n  Appendix D. A s  f o r  t h e  s i n g l e -  
k e e l  data of Appendix C,  an explanat ion o€ t h e  d a t a  i s  i n c l u d e d  i n  t h e  
appendix. 
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Chordwise sect ions of  the canopy were plot ted for  purposes  of  
predicting  the  aerodynamic  performance  of  the  parawing. The s e c t i o n s  a r e  
shown i n  figure 18. The  comments given i n  the  preceding  sce t ion  concern ing  
the methods of obtaining these s e c t i o n s  and the accuracy of the s e c t i o n  
shapes  apply  equal ly  to  the  twin-kee l  da ta .  Genera l ly?  however ,  the  twin-  
kee l  parawing  tends  to  have  a more r e g u l a r  and smoother shape than the 
single-keel parawing because of the absence of leading-edge l i n e s  i n  t h e  
cen te r  l obe  and t h e  f a c t  t h a t  t h e  i n f l a t i o n  of the  forward  por t ion  of t h e  
ou te r  l obes  i s  a s s i s t e d  b y  the presence of the center  lobe .  These 
c h a r a c t e r i s t i c s  c a n  be seen by comparing f igures  19(a)  and 19(b)  w i t h  
f i g u r e s  1 6 ( a )  and l 6 ( b ) .  
Aerodynamic  Performance. ComparL. -I snnj  
The slender-wing analysis was a p p l i e d  t o  t h e  two parawings just  
d e s c r i b e d  i n  o r d e r  t o  e v a l u a t e  t h e  method. TO apply  the  mechcd, it is 
necessary  to  obta in  spanwise  canopy sec t ions  in  p lanes  normal  to  the  
root  chord and f i t  c i r c u l a r  a r c s  t o  these sect ions.  Using the chordwise 
va r i a t ion  o f  the c i r cu la r - a rc  sec t ion  p rope r t i e s ,  t he  de t a i l ed  ae ro -  
dynamic l o a d  d i s t r i b u t i o n  on the parawing can be cowpted ,  from which t h e  
gross aerodynamic performance and t h e  r i g g i n g  l i n e  l o a d  d i s t r i b u t i o n s  c a n  
be obtained and  compared with measured resul ts .  A computer program was 
w r i t t e n  t o  p e r f o r m  the ca l cu la t ions .  The  canopy f i t t i n g  p r o c e d u r e  and 
the aerodynamic  load  calculations  are  described  below. The aerodynamic 
c a l c u l a t i o n s  and comparisons w i t h  d a t a  were made assuming f u l l  l e a d i n g -  
edge suction. 
A s  an addi t ional  s tandard of  comparison,  a p l a n a r  l i f t i n g - s u r f a c e  
method  was a l s o  a p p l i e d  t o  t h e  two parawing configurations.  The  method 
used is  t h a t  o f  Multhopp, as modified and programmed by Lamar ( r e f .  9 ) .  
An arrangement of 2 1  spanwise and 10 chordwise control  points  was used. 
The p red ic t ed  ang le s  o f  a t t ack  a t  wh ich  the  measu red  l i f t  coe f f i c i en t s  
a re  obta ined  w e r e  compared w i t h  measured angles. The predic ted  angles  
w e r e  low by 10 and. 27 pe rcen t  fo r  t he  s ing le -  and twin-keel parawings, 
r e spec t ive ly .  The d i f f e r e n c e s  a r e  d u e  b o t h  t o  an overpredic t ion  of  the  
effect of chordwise camber and t h e  i n a b i l i t y  o f  t h e  method to  account  
€or  spanwise camber. The s lender -wing   resu l t s ,   which   fo l low,   i l lus t ra te  
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better agreement, which is f e l t   t o  be t h e  r e s u l t  o f  accoun t ing  fo r  t he  
l a r g e  amount of spanwise camber. 
Single-keel parawinq.- The f i r s t  t a s k  i n  a p p l y i n g  t h e  t h e o r y  t o  t h e  
I 
known parawing shape i s  t o  de t e rmine  spanwise  sec t ions  in  p l anes  no rma l  
to  the  roo t  chord .  The procedure adgpted was t o  use the  chordwise  shape 
d a t a  of f igu re   15  t o  ob$ain a y-z c r o s s p l o t   a t   r e g u l a r   i n t e r v a l s   o f  x. 
Some t y p i c a l  y-z p l o t s   a r e  shown i n  f i g u r e  20 f o r   s e v e r a l   s t a t i o n s  
alonq the chord. 
It i s  ev ident  from f i g u r e  2 0  tha t  theqe  spanwise  sec t ions  do  not  
resemble  c i rcu lar  a rcs ,  and f i t g i n g  c i r c u l a r  a r c s  t o  t h e  s h a p e s  i s  a 
somewhat a r b i t r a r y  p r o c e s s .  I n  o r d e r  t o  f i t  t h e  a r c s  i n  a c o n s i s t e n t  
manner, the  fol lowing  approach was used. The c i r c u l a r  a rc  was f i r s t  
made to  pas s  th rough  and t e r m i n a t e  a t  t h e  t i p  of  the  section.  Then, an 
at tempt  was made to a d j u s t  t h e  c i r c u l a r  a r c  r a d i u s  and t h e  c e n t e r  of 
curva ture  so t h a t  t h e  a r e a  (A1 i n  the   ske tch   be low)   be tween  the   c i rcu lar  
a rc  and canopy sections outboard of the point where these two l i n e s  
c r o s s  i s  equal  t o  t h e  a r e a  (A2) between the arc and canopy  inboard  of 
t he  po in t .  
Ci rcuTar-arc  secf ions  were  f i t t ed  ;in t h i s  manner a t  2- inch intervals  
( i n t e r v a l s  i n  x/cr of 0.051  where cr = 38.9 inches)   a long   the   roo t  
chord, and t h e   q u a n t j t i e s  r ,  f ,  and e were  measured:  These  quantities 
were  then  plot ted  versus  x and t h e   r e s u l t i n g   c u r v e s  smoothed. F i n a l l y ,  
the  semispan  valueq, s ,  were  computed  using  equation  (114) and compared 
with the planform deduced direct ly  from the photogrammetr ic  data .  Any 
s i zab le  d i sc repanc ie s  i n  span were eliminated by modifying the values of 
r and f ,  and t h e  r and f curves  w e r e  again  smoothed. The r e s u l t i n g  
c i r c u l a r - a r c  f i t s  t o  s e v e r a l  s p a n w i s e  s e c t i o n s  a r e  shown i n  f i g u r e  20. 
The planform f i t   t h a t  was obta ined  us ing  th i s  procedure  is compared wi th  
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the  actual  planform obtained from the photogrammetric data (as viewed 
normal t o  t h e  root c h o r d )  i n  f i g u r e  21.  The t w o  p lanforms are  in  reason-  
able  agreement ,  consider ing the complexi ty  of  the leading-edge shape. 
A t a b l e  o f  t h e  c i r c u l a r - a r c  p r o p e r t i e s  u s e d  i n  the single-keel parawing 
c a l c u l a t i o n s  is g i v e n  i n  t a b l e  I. S i n c e  o n l y  t h r e e  q u a n t i t i e s  may be  
independent ly   spec i f ied ,   the  s v a l u e s   i n   t a b l e  I a r e   c a l c u l a t e d  from 
t h e  e, f ,  and r values .  
A f t e r  a s a t i s f a c t o r y  p l a n f o r m  f i t  w a s  ob ta ined ,  the  s lopes  of  the  
curves  of  r ,  e ,  and f versus  x w e r e  o b t a i n e d   g r a p h i c a l l y   t o   d e t e r -  
mine dr/dx,  de/dx, and df/dx.  These  values w e r e  t hen   p lo t t ed   ve r sus  
x t o   b t a i n   t h e  second  er ivat ives   d2r/dx2 and d2e/dx2. The r e s u l t i n g  
values  were then used as  tabular  input  to  the computer  program to compute 
the l o a d i n g  d i s t r i b u t i o n .  The p r e s s u r e  d i s t r i b u t i o n  was  computed using 
equat ion  ( 7 0 ) .  From a knowledge  of t h e   c i r c u l a r - a r c  canopy  shape,  the 
d i r e c t i o n  c o s i n e s  o f  t h e  l o c a l  n o r m a l  t o  the canopy were obtained and 
u s e d  w i t h  t h e  p r e s s u r e  d i s t r i b u t i o n  t o  o b t a i n  f o r c e  d i s t r i b u t i o n s  i n  t h e  
normal ,   axial ,  and s i d e   d i r e c t i o n s .  The normal   force  per   uni t   chordwise 
l eng th  was checked w i t h  t h e  a n a l y t i c a l l y  i n t e g r a t e d  v a l u e s  f o r  no suc t ion  
represented  by  equat ions  (106)-(112) .   Final ly ,   the   chordwise  integrated 
loadings using 19 stations along the root chord were checked with the 
a n a l y t i c a l l y  i n t e g r a t e d  n o r m a l - f o r c e  c o e f f i c i e n t  w i t h  and without  leading-  
edge   suc t ion   us ing   equat ions  (113) and (123). The differences  between 
the numerical ly  and a n a l y t i c a l l y  i n t e g r a t e d  v a l u e s  w e r e  g e n e r a l l y  l e s s  
t han  2 percent .  
The nsrmal - force  resu l t s  for  the  s ing le-kee l  parawing  are  shown i n  
f i g u r e  2 2 .  The o rd ina te   r ep resen t s   t he   t o t a l   no rma l   fo rce   w i th   l ead ing -  
edge  suc t ion  up  to  the  chord  s ta t ion  of i n t e r e s t ,  a s  p r e d i c t e d  from 
equat ion   (113) .  The i r regular   shape   of   the   curve   near   the   nose  is  
c a u s e d  b y  t h e  d i f f i c u l t y  i n  f i t t i n g  c i r c u l a r  a r c s  t o  t h e  a c t u a l  canopy 
spanwise  sect ions.  The canopy  span  begins t o  d e c r e a s e  r a p i d l y  n e a r  t h e  
87-percent chord station, which causes the loading t o  become nega t ive  in  
the  s lender-wing  analysis .   Consequent ly ,   the   total  wing  normal fo rce  i s  
t aken  a s  the  maximum value,  which occurs  a t  x/cr  = 0.85. 
For purposes of applying the theory as a p r e d i c t i v e  method, t h e  
normal f o r c e  and induced  drag  coef f ic ien ts  pred ic ted  by  the  theory  should  
be modified  according  to  the  fol1owin.g comments. I n  t h e  development  of 
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t he  expres s ions  %or normal force (eq. (81) ) and induced drag (eq. (101) ) , 
t h e  f a c t o r  cos a w a s  assumed nea r ly  un i ty  and dropped  from the fo rce  
express ions .  The angle  a is  i n   f a c t   n o t   s m a l l ,  and the cos a f a c t o r  
should  probabJy be retained.   Accordingly,  the normal-forcp  coeff ic ient  
presented  i n  f i g u r e  2 2  shovld be kn te rp re t ed  a s  Cz/cos a and the va lues  
ind ica ted   should  be m u l t i p l i e d   b y  cos a t o  o b t a i n  Cz. For  induced 
drag ,   equa t ions  (87)  and   (85 )   i nd ica t e   t ha t  a cor rec t ion   o f  cos2 a is  
a p p l i c a b l e  t o  the induced-drag  coefficient.   Consequently,  the induced- 
d r a g  c o e f f i c i e n t  computed  from equation (101) should be i n t e r p r e t e d  a s  
C D ~ / C O S ~  a. Secondly, it is  w e l l  known t h a t  slender-wing theory tends 
t o  overpredia$  acqrodynamic f o r c e  c o e f f i c i e p t s ,  w i t h  the d i f f e r e n c e  
inc reas ing   w i th   i nc reas ing   a spec t   r a f io .  Thus, a s l ende rness   co r rec t ion  
should  be  applied t o  t h e  p y e d i c t e d  f o r c e  c o e f f i c i e n t s .  F i n a l l y ,  s i n c e  
normal and d rag  fo rces  r ep resen t  a mixed s e t ,  t h e  l i f t  f o r c e  s h o u l d  be 
de termiped  accord ing  to  the  fo l lowing  equat ions .  
CL = c cos a - C s i n  CL 
Z X 
CDi = C s i n  a + C cos a 
Z X 
Therefore ,  
With t h e  above  noted  cor rec t ions ,  the  pred ic ted  resu l t s  can  be 
compared w i t h  t h e  measured r e s p l t s  g i v e n  i n  t h e  p r e v i o u s  s e c t i o n .  The 
predic ted  normal - force  coef f ic ien t  f rom f igure  2 2  i s  1.53 and the induced- 
d r a g   c o e f f i c i e n t  i s  0.727. The photogrammetric  data  (f ig.  15 )  i n d i c a t e  
t h a t  t h e  r o o t  c h o r d  m a k e s  an angle w i t h  the wind vec tor  of  41°. Thus, 
the normal-force and induced-drag  coef f ic ien ts  cor rec ted  for  the  cos  a 
e f f e c t  a r e  1.154  and  0.413, respectively.   Using  equation  (156) , t h e  
p r e d i c t e d  l i f t  c o e f f i c i e n t  is  1 .17 ,  The s l ende rness  co r rec t ion  i s  based 
on t h e  a s p g c t  r a t j o  of the planform shown i n  f i g u r e  2 1 ,  which is  1.56. 
Figure 6-10 o f  r e f e r e n c e  1 0  i l l u s t r a t e s  some r e s u l t s  f o r  l i f t - c u r v e  
slope fo r  t r i angu la r  w ings  hav ing  a spec t  r a t io s  up  t o  4 and i n d i c a t e s  f o r  
an a s p e c t  r a t i o  o f  1-56 that  s lender-wing theory overpredicts  measured 
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values by about 32 percent .  This c o r r e c t i o n  was a p p l i e d  t o  t h e  l i f t  and 
induced-drag  coef f ic ien ts  no ted  above  in  order  to  obta in  the f i n a l  pre- 
d ic ted  va lues .  
The m e a s u r e d  d r a g  i n c l u d e s  t h e  e f f e c t  o f  f r i c t i o n a l  e f f e c t s  a s  w e l l  
a s  induced  drag .  In  order  to  make  a comparison  with  measured  drag,  rough 
e s t ima tes  o f  t he  canopy  sk in  f r i c t ion  and l i n e  d r a g  w e r e  made using a f l a t  
p l a t e ,  t u rbu len t -boundary - l aye r  sk in - f r i c t ion  coe f f i c i en t ,  and a two- 
d imens iona l   d rag   coef f ic ien t   €or  a c y l i n d e r .  T h i s  c a l c u l a t i o n  i n d i c a t e s  
a f r i c t i o n a l  d r a g  c o e f f i c i e n t  o f  0.06 based on f l a t  canopy area. 
cDO 
The p r e d i c t e d  r e s u l t s  a r e  compared wi th  the  measured  va lues  in  the  
following t 'able.  
Predicted Measured 
0.89 0.95 cL 
cD .37 -39  
The p r e d i c t e d  l i f t  c o e f f i c i e n t  i s  somewhat lower thaii the measured 
va lue .  This  quant i ty  i s  dependent  only  on  the  cross  sectioll   ; . roperties 
a t  t h e  l a s t  s t a t i o n  d e v e l o p i n g  p o s i t i v e  l i f t ,  a c c o r d i n g  t o  e q u a t i o n  ( 1 1 3 ) .  
I n  o r d e r  t o  d e t e r m i n e  t h e  s e n s i t i v i t y  o f  t h e  p r e d i c t e d  l i f t  t o  t h e  
c i r c u l a r - a r c  f i t s  t o  t h e  s e c t i o n s  n e a r  t h e  t r a i l i n g  e d g e ,  t h e  a c t u a l  
s e c t i o n s  a t  f o u r  c h o r d w i s e  s t a t i o n s  w e r e  r e f i t ,  k e e p i n g  t h e  same semispan 
b u t  v a r y i n g  t h e  r a d i u s  and spanwise camber o f  t he  c i r cu la r  a r c .  These  
changes  cause a change i n  Cz pr inc ipa l ly   th rough  dr /dx .  I t  was found 
t h a t   t h e   p r e d i c t e d  Cz could be increased  about 20 percent  hrough 
changes i n  r ,  e ,  and f that   d id   not   appear   unreasonably  large.   Thus,  
for  the  s ing le-kee l  parawing ,  addi t iona l  work i s  requi red  to  deve lop  a 
ra t iona l  approach  for  ob ta in ing  a u n i q u e  c i r c u l a r - a r c  f i t  t o  a given 
spanwise sect ion.  
The measured and predicted drag coefficients agree reasonably w e l l .  
From t h e  r e l a t i v e  s i z e s  o f  t h e  i n d u c e d  d r a g  and e s t i m a t e d  f r i c t i o n a l  
drag, it i s  apparent  that  the induced drag is a m a j o r  p a r t  o f  t h e  t o t a l  
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drag  of a single-keel  parawing. The l i f t - d r a g  r a t i q s  a g r e e  v e r y  w e l l  a s  
a r e s u l t  o f  t h e  u n d e r p r e d i c t i o n  o f  b o t h  l i f t  and d r a g  c o e f f i c i e n t s .  
Twin-keel parawing.- The approach t o  c a l c u l a t i n g  t h e  aerodynamic 
performance Of the twin-keel parawing i s  s i m i l a r  t o  t h a t  d e s c r i b e d  above 
for  the  s ingle-keel   parawing.  The f i r s t  s tep is  to  ob ta in  spanwise  
s e c t i o n s  by c rossp lo t t i ng  the  chordwise  sec t ion  da ta  o f  f igu re  18 .  The 
r e s u l t s  f o r  s e v e r a l  c h o r d w i s e  s t a t i o n s  a r e  shown i n  f i g u r e  23.  The 
f i t t i n g  of c i r c u l a r  a r c s  t o  t h e s e  s e c t i o n s  c a n  b e  made on a more r a t i o n a l  
b a s i s  t h a n  was the  case  wi th  the single-keel parawing. The procedure 
followed i s  t o  p a s s  t h e  c i r c u l a r  a r c  t h r o u g h  t h e  a c t u a l  canopy p o i n t s  a t  
t h e  v e r t i c a l  p l a n e  of symmetry  and a t  t h e  maximum s p a n  s t a t i o n  ( t h e  
lead ing   edge) .  Towards the  center,   chordwise,   of  the  parawing,  the t ips  
o f   t he  canopy a r e  r e e n t r a n t ,  a s  shown i n  f i g u r e  23. I n  t h i s  c a s e ,  t h e  
maximum span  s ta t ion  does  not  cor respond to  the  lead ing  edge ,  and t h e  
maximum span   s t a t ion  i s  used. The c i r c u l a r - a r c  f i t s  a r e  a l s o  shown i n  
f i g u r e  23. The tabula t ion   of   the   c i rcu lar -a rc   parameters  i s  shown i n  
t a b l e  11. The nondimensional  chordwise  values  are  based  on a root  chord 
length  cr   of  51.4 inches.  The r e s u l t i n g   f i t   o f   t h e   c i r c u l a r - a r c   p l a n -  
form to  the  ac tua l  p l an fo rm ob ta ined  from the photogrammetric data i s  
shown i n  f i q u r e  24.  
The normal f o r c e  r e s u l t s  o b t a i n e d  u s i n g  t h e  c i r c u l a r - a r c  f i t  p r o p e r -  
t i e s  d e s c r i b e d  above a r e  shown i n  f i g u r e  25 .  The loca l   span   begins   to  
dec rease   r ap id ly  beyond  x/cr = 0.86 and a negative  normal  force i s  
p r e d i c t e d  a f t  of t h i s  p o i n t .  Thps t h e  t o t a l  normal fo rce  i s  taken a s  
t h a t  a t  x/cr = 0.86.  The d i p  i n  t he   cu rve   a t   x / c r  = 0.6 occur s   i n  
t he  r eg ion  where t h e  canopy t i p  i s  r e e n t r a n t  ( s e e  f i g .  2 3 ) ,  and could 
poss ib ly  be smoothed  by a somewhat d i f f e r e n t  a p p r o a c h  t o  t h e  c i r c u l a r -  
a r c  f i t  f o r  t h i s  t y p e  o f  s p a n w i s e  s e c t i o n .  
For purposes of comparing predicted and measured performance of the 
twin-keel. parawing, the same cor rec t ions  were  made t o  t h e  t h e o r e t i c a l  
r e s u l t s  a s  were  d iscussed  in  the  prev ious  sec t ion .  The p red ic t ed  normal- 
fo rce   ( f rom  f ig ,  2 5 )  and induced-drag  coeff ic ients   are   1 .385 and 0.551, 
r e spec t ive ly .  When these   va lues   a r e   co r rec t ed   €o r   t he  COS a and 
s lender-wing effects  and t h e  wing l i f t  c o e f f i c i e n t  i s  computed, t h e  











I n  t h e s e  c a l c u l a t i o n s ,  t h e  a s p e c t  r a t i o  is  t h a t  of t he  p l an fo rm i l l u s -  
t r a t e d  i n  f i g u r e  24 ,  which is  1.76. The s l ende rness   co r rec t ion  i s  then  
0.745,  based on the   va lues  shown i n  r e f e r e n c e  10. %e t o t a l  f r i c t i o n a l  
d r a g  c o e f f i c i e n t  is  e s t i m a t e d  t o  be 0.05, based on the same approach as 
noted   for   the   s ing le-kee l   parawing .  The p r e d i c t e d  t o t a l  d r a g  c o e f f i c i e n t  
i s  somewhat larger than the measured value,  which gives a lower l i f t -  
d r a g  r a t i o  t h a n  i s  measured. 
S t r u c t u r a l  C h a r a c t e r i s t i c s  
O n e  o f  the  pr inc ipa l  advantages  of  a c a p a b i l i t y  f o r  p r e d i c t i n g  t h e  
d e t a i l e d  l o a d  d i s t r i b u t i o n  on the canopy i s  the  poten t ia l  €or  de te rmining  
l ine  loads.   Using  the  s lender-wing  theory,  an i n v e s t i g a t i o n  was made 
€ o r  b o t h  t h e  s i n g l e -  and twin-keel parawings t o  a t t e m p t  t o  o b t a i n  an 
unders tanding  of  the  manner i n  which t h e  d i s t r i b u t e d  l o a d i n g  on t h e  
canopy i s  l e d  i n t o  t h e  d i s c r e t e  s u p p o r t  l o a d s  r e p r e s e n t e d  b y  t h e  r i g g i n g  
l i n e  t e n s i o n s .  I n  o r d e r  t o  make a d e t a i l e d  s t r e s s  a n a l y s i s  of t h i s  
problem, it would be n e c e s s a r y  t o  know the shape of  the "scal loped" 
leading edge and t h e  r e s u l t i n g  canopy aerodynamic load dis t r ibut ion near  
the leading edge.  It would then be p o s s i b l e  t o  p r e d i c t  t h e  canopy 
s t r e s s e s  and t o  s o l v e  t h e  s t a t i c  f o r c e  e q u i l i b r i u m  p r o b l e m  a t  t h e  l i n e  
at tachment   points .   Since  the  canopy  shape  a long  the  leading  edge i s  
imperfec t ly  known, and the theory does not  model the  "sca l loped"  shape ,  
a s implif ied approach was taken. 
Methods of approach.- I t  was  assumed f i r s t  t h a t  t h e  canopy was made 
up  of c i r cu la r - a rc  sec t ions  of  chordwise  width  dx, on each  of  which  the 
spanwise  load  d is t r ibu t ion  was known. Fur ther ,  it was assumed tha t  each  
s e c t i o n  was suppor ted  a t  the  lead ing  edge  by  a " d i s t r i b u t e d "  l i n e  
t ens ion  dTj/dx and a t   h e   k e e l ( s )   b y  a l i n e  t ens ion  dTk/dx.  The 
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s t a t i c  e q u i l i b r i u m  e q u a t i o n s  w e r e  t h e n  s o l v e d  f o r  t h e  d i s t r i b u t e d  l i n e  
t ens ions  on  each  sec t ion  to  ob ta in  the  chordwise  va r i a t ion  o f  t he  d i s t r ib -  
u t ed  l i ne  t ens ions .  These  t ens ion  d i s t r ibu t ions  were  then  apportioned 
t o  t h e  d i s c r e t e  l i n e s  b y  a s s i g n i n g  a chordwise  length  of  in f luence  to  
e a c h  l i n e  and i n t e g r a t i n g  t h e  d i s t r i b u t e d  t e n s i o n  t o  o b t a i n  t h e  l i n e  l o a d .  
I n  t h i s  p r o c e s s ,  a s i n g l e  c o n f l u e n c e  p o i n t  f o r  a l l  l i n e s  w a s  assumed  known. 
Thus, i n  t h e  s t a t i c  e q u i l i b r i u m  e q u a t i o n s  where t h e  d i s t r i b u t e d  l i n e  
t ens ion  is  used ,  d i r ec t ion  cos ines  w e r e  a s s i g n e d  t o  t h e  l i n e  t e n s i o n  
f o r c e  a s  i f  a d i s c r e t e  l i n e  existed between the leading edge (or keel)  
a t  t h a t  c h o r d w i s e  s t a t i o n  and the  conf luence  poin t .  
Four  approaches  to  the  s ta t ic  equi l ibr ium equat ions  w e r e  examined. 
These are  descr ibed br ief ly  below (as  appl ied to  the twin-keel  parawing)  
toge the r  w i th  comments  on t h e  d i f f i c u l t i e s  w i t h  t h e  a p p r o a c h .  
Method ( a ) :  The  x  and z equi l ibr ium  equat ions on a sec t ion  were 
considered,  as  indicated below.  
d (Ac,) dCA dCTe dC 
+ -  + 2 -  COS a + 2 - S Tk cos ak = 0 dx  dx dx k? dx 
d (Ac,) d C i  dC 
s - -  + 2 -  Tk 
dx  dx  dx 1 dx cos y +- 2 -cos yk = 0 
where the  lead ing-edge  suc t ion  coef f ic ien t  i s  taken  as  pos i t ive  down 
and C; and C$ a r e   t he   ae rodynamic   fo rce   coe f f i c i en t s   due   t o   t he  
pressure   d i f fe rence   loading .  The assumption i s  made i n  these   equat ions  
t h a t  t h e r e  is no chordwise  var ia t ion  in  the  canopy s t ress .  However, 
near  the nose and t r a i l i n g  edge of the parawing, the canopy loads are 
taken only by the keel  l ines .  A t  these  Sec t ions ,  a d i f f e ren t i a l  cho rd -  
wise  canopy  tension  force dox/dx  (assumed  uniform  over  the  section  span) 
was used i n  t h e  x equat ion ,  wi th  the  va lue  thus  computed b e i n g  h i g h  a t  
t he  l ead ing  and t r a i l i n g  e d g e s  and dropping to zero (uniform chordwise 
canopy tension) over the central  (chordwise) portion of the canopy where 
the leading-edge l i n e s  e x i s t .  A major  problem  with t h i s  approach i s  
t h a t  t h e  a x i a l  canopy tension force i s  not  constant  over  most  of t h e  
chord b u t  var ies   cons iderably .  A s  a r e s u l t ,  t h e  C; and (AC,) f o rces ,  
which  are   weakly  coupled  into  the  l ine  tension  because  cos  a and k? 
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cos  ak a re  sma l l ,  t end  to  cause  un reasonab ly  l a rge  va r i a t ions  in  l i ne  
t e n s i o n   t o   c r e a t e   e q u i l i b r i u m   i n   t h e  x d i r e c t i o n .  
Method (b) : The y and z equ i l ib r ium  eqda t ions  w e r e  a p p l i e d   t o  
a s t r ip  of  width dx ex tending   over   on ly   the   semispan ,   us ing   the   fac t  
t h a t  on t h e  v e r t i c a l  p l a n e  o f  symmetry, a knowledge of the principal 
rad i i  o f  curva ture  of  the  canopy and t h e  Ap va lue  w i l l  y i e l d  t h e  canopy 
stress components.  Thus, i n  the p lane   o f  symmetry 
where r i s  t h e   r a d i u s  of curva ture  of t h e  canopy i n  the y = 0 p lane ,  
and r i s  the   r ad ius   o f   cu rva tu re   i n  a cons t an t  x plane.  The shape 
d a t a   i n d i c a t e   t h a t  rx is  g e n e r a l l y   l a r g e r   t h a n  r, and the  assumption 
was made t h a t  ux/rx could be ignored   ove r   t he   en t i r e  canopy. The 
resu l t ing  force  equi l ibr ium equat ions  neglec t ing  h igher -order  terms a r e  
then  
X 
dc; ( A c T ~ )  dCTe d C  
S Tk - -  
dx + dx R dx + 2 -  dx k cos y + 2 -cos  y = 0 
Because of t h e  weak c o u p l i n g  o f  t h e  l i n e  t e n s i o n  i n t o  t h e  y f o r c e  
balance equat ion (small  cos  B )  , t h i s  s e t  o f  e q u a t i o n s  i s  no t  we l l  
condi t ioned.   Consequent ly ,   one  diff icul ty   with  this   approach i s  t h a t  i f  
the  assumption  of rx >> r i s  n o t  s u f f i c i e n t l y  good over   the  chord,   the  
computed va lues  of  l ine  tens ion  tend  to  vary  wide ly  a long  the  chord .  
Method (c): I t  i s  ev ident  from considerations  of  two-dimensional 
s t a t i c   e q u i l i b r i u m   t h a t   t h e  canopy t ens ion   ( s ay ,  al) i n  a y-z p lane  
must be cons tan t  from the  p lane  of  symmetry o u t  t o  t h e  k e e l  l i n e  a t t a c h -  
ment po in t  and must a l so  be  cons t an t  ove r  t he  ou te r  l obe  ( say ,  a t  02) , 
as  shown below. 
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The l i n e   t e n s i o n s  must t hen   be  o1 + o2 and o2 €or  the k e e l  and 
leading-edge  l ines ,  respec t ive ly ,  from cons ide ra t ions  o f  fo rce  equ i l ib -  
rium a t  t h e  l i n e  a t t a c h m e n t  p o i n t s ,  assuming the cusp angle  a t  t h e  k e e l  
l i n e  i s  zero.  Thus, y and z equi l ibr ium  equat ions   can  be w r i t t e n   a s  
€allows. 
dC+ d (Acyl (ol + 02) - 
dx dx + s + -  qs R 
cos  p + 
qs R qs R 6 
cos B, + - = 0 
dcg d ( A C Z )  
S 02 (ol + 02) 
qs R qs R 
- -  
dx + dx + -  cos y + 6 cos y = 0 k 
Th i s  s e t  o f  equa t ions  t ends  t o  have the poor conditioning of those 
of the  prev ious  t w o  approaches, but the assumptions used i n  the  der iva-  
t i o n  a r e  n o t  s o  r e s t r i c t i v e .  
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Method (d) :  The chordwise  section  of  width  dx was divided  spanwise 
i n t o  p o r t i o n s ,  a s  shown i n  t h e  f o l l o w i n g  s k e t c h .  
Hor izonta l  
t angent  
\( dC Tk /dx 
\ -  c i r c u l a r - a r c  €it 
The inne r  po r t ion  i s  tha t  pa r t  be tween  the  span  s t a t ions  (no ted  y ) on 
t h e  a c t u a l  canopy s e c t i o n  where the  tangent  to  the  canopy shape  i n  a 
y-z plane i s  ho r i zon ta l .  The  two ou te r   po r t ions   a r e   t hose   pa r t s   ou tboa rd  
of 3,. For  each  port ion  of   the  canopy,   the  la teral  component ( 0  ) of 
t h e  canopy stress a t  - t ~ ~  i s  ho r i zon ta l  and does   no t   en t e r   i n to  a z 
equi l ibr ium equat ion.  Thus,  the fol lowing two equations  can be w r i t t e n  
f o r  t h e  i n n e r  and ou te r  po r t ions  of the canopy,  respect ively,  assuming 
that  he  chordwise  canopy stress ox is  uniform  over   the  sect ion 
(dox/dx = 0 ) .  
0 
Y 




The d iv i s ion  of normal 
canopy sec t ion  can  be  a 
d (AC,) dCT 
+ S 
0 dx + 2 " L o s y  dx R = o  
force between the inner  and outer  por t ions  of  the  
pproximated by integrat ing the loading equat ions 
from 0 t o  yo and from  yo t o  s ,  r e spec t ive ly .  The assumption is 
made i n  so doing  tha t  the l o a d  o u t  t o  t h e  s p a n  s t a t i o n  yo  on t h e  
c i r cu la r - a rc  sec t ion  i s  t h e  same a s  t h a t  on the  ac tua l  s ec t ion .  Th i s  
approach has the advantage over the other three of employing only the z 
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d i r e c t i o n  e q u a t i o n s ,  i n t o  which the l i n e  t e n s i o n  f o r c e s  a r e  s t r o n g l y  
coupled. 
Theoretical r e s u l t s . -  A preliminary i n v e s t i g a t i o n  o f  the f i r s t  t w o  
methods descr ibed above indicated that  unreasonable  resul ts  would be 
obta ined ,   in   accordance  w i t h  the comments already  noted.  Consequently,  
c a l c u l a t i o n s  were made o n l y  f o r  t h e  l a t t e r  t w o  methods. The methods 
w e r e  a p p l i e d  f i r s t  t o  the twin-keel parawing, since there is  less 
u n c e r t a i n t y  i n  the c i r c u l a r - a r c  f i t s  f o r  the twin-keel parawing than for 
the s ingle-keel  parawing.  
The d i s t r i b u t e d  l i n e  t e n s i o n  r e s u l t s  f o r  the canopy tension approach 
(method (c) ) a r e  shown i n  f i g u r e  26. The chordwise  var ia t ion  for  bo th  
the k e e l  and  1eadir.g  edge is  l a rge .  Near the 65-percent  chord s ta t ion,  
the l o a d i n g s  f o r  b o t h  t h e  k e e l  and leading edge become nega t ive ,  a s  a 
r e s u l t  o f  t h e  p r o p e r t i e s  o f  t h e  c i r c u l a r - a r c  f i t s  i n  t h i s  r e g i o n .  ( T h i s  
r e s u l t  is  a l s o  i l l u s t r a t e d  i n  f i g u r e  25 . )  
S i m i l a r   r e s u l t s   f o r   t h e  z equilibrium  approach (method (d)  ) a r e  
shown i n  f i g u r e  27. Again,   the   chordwise  var ia t ion is  l a r g e ,  and a 
region of  very small  loading is i n d i c a t e d  n e a r  t h e  0.60 chord s t a t i o n .  
These two s e t s  o f  r e s u l t s  were used t o  c o n s t r u c t  d i s c r e t e  l i n e  l o a d  
p r e d i c t i o n s  i n  t h e  f o l l o w i n g  way. The l i ne  a t t achmen t  po in t s  fo r  t he  
twin-keel  parawing  are shown i n   f i g u r e  24. The x/cr  value  of  the 
midpo in t  o f  t he  l i ne  jo in ing  two adjacent  l ine  a t tachment  poin ts  was 
l o c a t e d  f o r  a l l  p o i n t s  a l o n g  t h e  k e e l  and leading  edge. Each l i n e  was 
t h e n   c o n s i d e r e d   t o   t a k e   t h e   d i s t r i b u t e d   l o a d   o v e r  an  x/cr  ange from 
the midpoint  forward of  the l ine at tachment  point  to  the midpoint  af t  
of t h e  p o i n t .  The a p p r o p r i a t e  d i s t r i b u t e d  loads from f i g u r e s  26 and 27 
w e r e  i n t e g r a t e d  f o r  e a c h  l i n e  and are shown i n  f i g u r e  28.  The l a r g e  
chordwise  va r i a t ion  in  d i s t r ibu ted  load ing  from f i g u r e s  25 and 26 is  
c a r r i e d  o v e r  i n t o  t h e  discrete l i n e  l o a d s  and i s  p a r t i c u l a r l y  e v i d e n t  
near  x/cr = 0.6 f p r   b o t h  the k e e l  and leading-edge  l ines .  The 
measured values obtained from unpublished Langley Research Center data 
a r e  shown i n  f i g u r e  2 8  t o  i n d i c a t e  t h a t  t h e r e  i s  not  the  degree  of  
chordwise  va r i a t ion  in  the  ac tua l  ca se  tha t  i s  ind ica t ed  by  the  p red ic t ed  
v a l u e s ,  p a r t i c u l a r l y  f o r  t h e  k e e l  l i n e s .  
59 
It i s  possible t h a t  some r e f i t t i n g  of the c i r c u l a r  a r c  s e c t i o n s  
would,provide a more even chordwise var ia t ion of  the p r e d i c t e d  l i n e  
l o a d s ,  p a r t i c u l a r l y  s i n c e  t h e  d e t a i l e d  l o a d  d i s t r i b u t i o n  i s  a f f e c t e d  by 
the second  der ivat ives   of  r and e a s  w e l l  a s   t h e   f i r s t   d e r i v a t i v e s .  
A more de ta i led  examinat ion  of  the s t r u c t u r a l  a s p e c t s  o f  a l l - f l e x i b l e  
parawings  should  include  such a s tudy.  However, an   a l te rna te   approach  
was examined, based a n  a t t e n p t i n g  t o  d e r i v e  a simple engineer ing  method 
f o r  e s t i m a t i n g  l i n e  l o a d s .  
I t  was n o t e d  p r e v i o u s l y  t h a t  t h e  p r e d i c t e d  t o t a l  f o r c e s  or, t h e  
parawinp aLe de te rmined  by  the  c i r cu la r - a rc  sec t ion  p rope r t i e s  nea r  t he  
maximum s p a n  s t a t i o n  t o w a r d  t h e  t r a i l i n g  e d g e .  F i r s t ,  it i s  assumed t h a t  
t h e  t o t a l  normal f o r c e  i s  dis t r ibuted uniformly chordwise over  the plan-  
form, SO t h a t  dCZ/dx i s  cons tan t .  This assumption  appears  reasonable 
based on t h e  r e s u l t s  o f  f i g u r e s  22 and 25. Method ( d )  was then  adopted 
fo r   comput ing   t he   d i s t r ibu ted   l i ne   l oads .  The fur ther   assumption is  
made t3a t  the  d iv is ion  of  load  spanwise  be tween the inne r  and outer  por-  
t i o n s  o f  ar.y s e c t i o n  i s  de te rmined  in  pa r t  by  the  yo/s v a l u e  a t  t h e  
maximum span  s ta t ion .  A further assumption must now be made a s  t o  t h e  
form of the  span  load  d i s t r ibu t ion  cu rve .  The two a l t e r n a t i v e s  examined 
w e r e  a r ec t angu la r  span  load  d i s t r ibu t ion  and a d i s t r i b u t i o n  g i v e n  b y  
the  s lender-body  solut ion €or a f l a t  wing (1/11 - (y2/ss) ) , both 
i l l u s t r a t e d  i n  t h e  s k e t c h  below. 
t Load 
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The goa l  w i t h  this approach is  t o  d e r i v e  a method based on knowledge only 
of the p a r a w i n g  s e c t i o n  p r o p e r t i e s  a t  t h e  c h o r d  s t a t i o n  n e a r  t h e  t r a i l i n g  
edge where the l o a d i n g  j u s t  goes negat ive  accord ing  t o  the slender-wing 
method. This approach was appl ied  t o  both  the single- and twin-keel 
parawings, and the predic t ions  were  compared with  measured  values. The 
r e s u l t s  a r e  d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  
Single-keel parawing results.- The approach described above was 
app l i ed  to  the  s ing le -kee l  pa rawing  de f ined  i n  conf igura t ion  by  
f igu res  14  and 2 1  and t a b l e  I. The d i s c r e t e  l i n e  loads  were  predicted 
us ing  the aerodynamic loads predicted by the slender-wing theory,  as 
c o r r e c t e d   f o r  the cos  a and s lender-wing  factors   discussed  previously.  
The measured l ine  loads  were  obta ined  from re fe rence  7. The values  
f o r  q = 2 psf  were  used. An i n i t i a l  check was made on t h e   f o r c e  
ba lance  on the parawing by comparing the measured normal force obtained 
from t h e  l i f t  and drag   wi th   the  sum of  the z components  of t h e  l i n e  
tens ions  obta ined  from t h e  measured l i n e  t e n s i o n s  and t h e  d i r e c t i o n  
cos ines   o f   t he   l i nes .  The Cz value  obtained from t h e  measured 
and CD i s  0.973,  and t h e  sum o f   t h e   l i n e   t e n s i o n  components i n  t h e  
normal-force  direct ion i s  1.1, which i s  13  percent   greater .   Al though 
t h e  l i n e  t e n s i o n  and aerodynamic  da ta  were  obta ined  in  d i f fe ren t  tes t s ,  
t he  on ly  known d i f f e r e n c e  b e t w e e n  t h e  t e s t s  i s  t h e  q value,  which 
should not  account  for  the 13-percent  difference.  
cL 
The comparison of d i s c r e t e  l i n e  Loads i s  shown i n  f i g u r e  29. For 
t h e  k e e l  l i n e s  ( f i g .  2 9 ( a ) ) ,  t h e  p r e d i c t e d  v a l u e s  g e n e r a l l y  t e n d  t o  
fo l low the  chordwise  var ia t ions  shown by  the  da ta .  The  two p red ic t ed  
cu rves  b racke t  t he  da t a ,  w i th  the  r ec t angu la r  span  load  r e su l t s  be ing  
h ighe r ,   a s  would be  expected.   For   the  leading-edge  l ines   ( f ig .  2 9 ( b ) ) ,  
both predicted curves are  general ly  lower than the measured values ,  
wi th  the  s lender -wing  so lu t ion  g iv ing  the  h igher  va lues .  
I t  i s  appa ren t  f rom these  r e su l t s  f i r s t  t ha t  bo th  span  load  
d i s t r i b u t i o n s  p l a c e  r e l a t i v e l y  t o o  much l i f t  on t h e  i n n e r  p a r t  o f  t h e  
canopy and too  little on t h e  outer  p a r t .  One possible reason i s  an 
overestimation  of  leading-edge  suction. A l l  of t h e  l i n e  l o a d  c a l c u l a -  
t i o n s  were  car r ied  out  assuming fu l l  suc t ion .  S ince  suc t ion  ac ts  in  the  
same g e n e r a l  d i r e c t i o n  a s  t h e  l i n e  t e n s i o n ,  l o s s  o f  s u c t i o n  would r e q u i r e  
a d d i t i o n a l  l i n e  l o a d i n g  t o  b a l a n c e  t h e  l i f t  due t o  p r e s s u r e  d i f f e r e n c e .  
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Secondly,  the sum o f  t h e  k e e l  and leading-edge l ine tensions appears  low 
compared t o  t h e  measured  values. The r e a s o n s  f o r  t h i s  a r e  f i r s t  t h a t  t h e  
t o t a l  p r e d i c t e d  l i f t  i s  lower than the measured value by about 7 percen t  
and secondly that the measured l ine loads exceed the measured l i f t  by 
13  percent ,   as   indicated  above.  
Twin-keel parawinq.- The twin-keel parawing t o  which t h e  l i n e  l o a d  
method was appl ied i s  def ined  by  f igures  1 7  and 24 and t a b l e  11. A s  i n  
the s ingle-keel  parawing case,  the aerodynamic loading was c o r r e c t e d  f o r  
t h e   c o s  a and s lender-wing  factors   discussed  previously.  
The measured l i n e  l o a d s  w e r e  obtained from unpublished NASA d a t a  
obta ined  a t  the  Langley  Research  Center .  The d a t a  w e r e  o b t a i n e d  a t  
q = 2 p s f .  The force  ba lance  check  be tween the  l ine  loads  and t h e  
canopy  aerodynamic  loads  indicate  that   he sum of t h e  z components  of 
t h e  l i n e  t e n s i o n  i s  14  percent  grea te r  than  the  normal  force  obta ined  
from t h e  measured l i f t  and d r a g  c o e f f i c i e n t s .  
The comparison of d i s c r e t e  l i n e  loads  i s  shown i n  f i g u r e  30. For 
t h e  k e e l  l i n e s  ( f i g .  3 0 ( a ) ) ,  t h e  p r e d i c t e d  v a l u e s  g e n e r a l l y  t e n d  t o  
fo l low the  chordwise  var ia t ion  ind ica ted  by  the  da ta ,  except  a t  the  
lead ing  and t r a i l i n g  e d g e s .  A t  t h e s e  two s t a t i o n s  ( k e e l  l i n e s  1 and 1 2 ) ,  
t h e  k e e l  l i n e s  w e r e  cons ide red  to  ca r ry  the  en t i r e  span  load  r a the r  t han  
having the load divided between the keel  and l ead ing -edge  l i nes ;  t h i s  
assumption  then  accounts   for   the  high  predicted  loads.  The r ec t angu la r  
span load curve tends to  agree w e l l  wi th  the  da ta ,  whereas  the  s lender -  
wing  span  load  resul ts   are   general ly  low.  For the   l ead ing-edge   l ines  
( f i g .  3 0 ( b ) ) ,  t h e  c h o r d w i s e  v a r i a t i o n  o f  t h e  p r e d i c t e d  l i n e  loads fol lows 
t h e  v a r i a t i o n  shown by  the  da ta .  The s lender-wing span load resul ts  
tend t o  agree  wel l  wi th  the  da ta ,  whereas  the  rec tangular  span  load  
r e s u l t s  a r e  g e n e r a l l y  low. 
These r e s u l t s  i n d i c a t e  f i r s t  t h a t  t h e  sum of t h e  k e e l  and leading- 
edge  loads i s  somewhat lower  than  tha t  ind ica ted  by  the  da ta .  The 
comparison on overal l  aerodynamic loads indicates  that  the theory predicts  
reasonably well  the measured l i f t  and drag on this  parawing.  However, 
t h e  measured l ine loads exceed the measured normal force,  which would 
t end  to  accoun t  fo r  t he  l i n e  load  da ta  be ing  genera l ly  h igher  than  
p red ic t ed  loads .  Second ly ,  t he  ac tua l  d iv i s ion  of load  between  the  keel  
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and leading-edge  l ines  seems t o   f a l l  about halfway between the rectangular 
and s lender-wing span load resul ts .  
CONCLUDING "ARKS 
All-f lexible  parawings are  character ized by large amounts  of span- 
w i s e  camber. Consequent ly ,   p lanar   l i f t ing-sur face   theory  i s  inadequate 
for  pred ic t ing  the  canopy aerodynamic  load  d is t r ibu t ion  and a new 
aerodynamic theory was deve loped  spec i f i ca l ly  adap ted  to  the  a l l - f l ex ib l e  
parawing. The  method i s  based on the use of slender-body theory and 
cons ide r s  spanwise  sec t ions  in  the  c ros s f low p lane  to  cons i s t  o f  c i r cu la r  
a rcs  which ,  f rom sec t ion  to  ad jacent  sec t ion ,  may t r a n s l a t e  and d i l a t e .  
The theory  y ie lds  the  spanwise  and chordwise  d is t r ibu t ion  of  loading ,  
t he  d i s t r ibu t ion  o f  suc t ion  a long  the  l ead ing  edge ,  and the induced 
drag. 
S i n c e  t h e  c i r c u l a r - a r c  f i t s  t o  a l l - f l e x i b l e  p a r a w i n g s  t e n d  t o  
y ie ld  near ly  conica l  wings ,  sys temat ic  ca lcu la t ions  w e r e  made f o r  c o n i c a l  
parawings t o  assess the  importance  of  spanwise  camber. The l i f t - c u r v e  
s lope  inc reases  wi th  inc reas ing  camber, such  tha t  a parawing having a 
semic i r cu la r  c ros s  sec t ion  has  a 50-percent higher slope than a f l a t  
wing  of t h e  same aspect   ra t io .   Spanwise camber a l s o  a f f e c t s  t h e  r o l e  
tha t  l ead ing -edge  suc t ion  p l ays  in  the  ove ra l l  fo rces ,  i n  t ha t  loss of 
suc t ion  causes  an  increase  i n  normal force with camber b u t  no change i n  
normal  force  without  camber. I n  addition,  spanwise camber has  a favorable  
e f f e c t  on t h e  r a t i o  o f  normal  force  to  induced  drag  for  bo th  the  fu l l -  
suc t ion  and t h e  v o r t e x - l i f t  c a s e s .  
The s lender-wing,  c i rcular-arc  method  was a p p l i e d  t o  two s p e c i f i c  
parawings for which both aerodynamic,  l ine tension, and shape data 
ex i s t .  Fo r  bo th  the  s ing le -  and twin-keel  parawings,  the  measured  shape 
data were used to  ob ta in  spanwise  sec t ions  no rma l  to  the  roo t  chord ,  
which w e r e  t hen  f i t  w i th  c i r cu la r  a r c s .  App l i ca t ion  o f  t he  ae rodynamic  
t h e o r y  t o  t h e  two c i rcu lar -a rc  parawing  models  resu l ted  in  pred ic ted  
l i f t  c o e f f i c i e n t s  t h a t  a r e  w i t h i n  3 and 6 percent of the measured values. 
I n  making the comparisons,  a c o r r e c t i o n  was made t o  account  for  the  
tendency of slender-wing theory t o  o v e r p r e d i c t  l i f t  a t  m o d e r a t e  a s p e c t  
r a t i o s .  The predicted induced drag was wi th in  20  percent  of  the measured 
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t o t a l  d rag ,  wh ich  t ends  to  ind ica t e  tha t  mos t  o f  t he  d rag  fo r  a parawing i s  
induced  drag .  Wi th  the  addi t ion  of  rough es t imates  of  the  l ine  and 
canopy f r i c t i o n a l  d r a g ,  t h e  p r e d i c t e d  t o t a l  d r a g  c o e f f i c i e n t s  w e r e  w i th in  
6 and 9 percent of the measured values.  It  i s  f e l t  on t h e  b a s i s  o f  t h e s e  
compar isons  tha t  the  s lender -wing ,  c i rcu lar -a rc  method  does  account 
proper ly  for  the  chordwise  and spanwise carciber p r e s e n t  i n  a l l - f l e x i b l e  
parawings. 
The  manner i n  which the predicted canopy aerodynamic loading is  
t r a n s m i t t e d  b y  s t r e s s e s  i n  t h e  c a n o p y  t o  t h e  r i g g i n g  l i n e s  was i n v e s t i -  
gated.  A n  approach was evolved  in  which  "d is t r ibu ted"  l ine  tens ions  were  
computed us ing  sec t ion  span- load  d i s t r ibu t ions ,  and d i s c r e t e  l i n e  l o a d s  
were  then  ca l cu la t ed  by  a l lo t t i ng  po r t ions  o f  t he  con t inuous  l i ne  loads  
t o  each l i n e .  Use o f  t he  p red ic t ed  cho.rd l o a d  d i s t r i b u t i o n s  f o r  b o t h  t h e  
s ing le -  and twin-kee l  parawings  resu l ted  in  cons iderably  grea te r  var ia t ions  
chordwise between the l ine loads than are indicated by the measured values.  
The probable cause i s  t h e  c i r c u l a r - a r c  f i t s ,  since t h e r e  i s  no way of 
a s ses s ing  how accura te ly  the  d is t r ibu t ion  of  loading  over  the  canopy is  
predic ted .  A n  engineer ing method  was evolved in  which the total  normal  
fo rce  was d is t r ibu ted  uni formly  over  the  chord ,  and t h e  d i v i s i o n  of load 
spanwise between the keel and leading-edge  l ines  was governed by ei ther  
a r e c t a n g u l a r   o r  a s lender   f la t -wing   span- load   d i s t r ibu t ion .   This   approach  
was  found to  give reasonable  agreement  with measured l ine loads,  with the 
comparisons indicat ing that  for  the twin-keel  parawing the actual  span 
l o a d  d i s t r i b u t i o n  i s  probably between the rectangular  and slender-wing 
loadings  on  the  average. I t  i s  f e l t  t h a t  t h i s  approach  would be use fu l  
in  assess ing  the  genera l  d i s t r ibu t ion  of  aerodynamic  loads  be tween l ines ,  
b u t  a much more complex  canopy stress a n a l y s i s  c o n s i d e r i n g  t h e  l o c a l  
canopy shape i n  t h e  l i n e  attachment regions would be n e c e s s a r y  t o  o b t a i n  
accu ra t e   p red ic t ions   o f   each   l i ne   l oad .  Such  an inves t iga t ion   should  
probably  awai t  the  ver i f ica t ion  of  the  capabi l i ty  of  the  s lender -wing  
method t o  p r e d i c t  a c c u r a t e l y  t h e  d e t a i l e d  a e r o d y n a m i c  l o a d  d i s t r i b u t i o n  
on the canopy. 
F ina l ly ,  s eve ra l  comments a r e  i n  o r d e r  w i t h  r e g a r d  t o  b a s i c  l i m i t a -  
t i o n s  and growth  potent ia l   of   the   s lender-body method  developed. One 
basic  def ic iency of  s lender-body theory i s  t h a t  t h e  K u t t a  c o n d i t i o n  i s  
not  imposed a t  t h e  t r a i l i n g  edge .   In   t he   p re sen t   app l i ca t ion ,   t h i s  
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l imi t a t ion  does  no t  pe rmi t  ca l cu la t ion  o f  canopy  loads  a f t  of approximately 
t h e  maximum span s ta t ion,  which occurs  near  the 85-percent  chord point .  
Thus, t h e  t e n s i o n  d i s t r i b u t i o n  i n  t h e  canopy cannot be completely deter-  
mined, and t h e  l i n e  t e n s i o n s  f o r  t h e  most  rearward l ines  cannot  be 
predicted.   Secondly,  a shape  determination method s t a r t i n g  w i t h  t h e  f l a t  
canopy and r i g g i n g  l i n e  character is t ics  has  not  been developed.  Such a 
method is  necessa ry  to  p rov ide  a comple t e  capab i l i t y  €o r  p red ic t ing  
aerodynamic loqd dis t r ibut ions and  canopy  and l i n e  s t r u c t u r a l  l o a d i n g s .  
I t  i s  f e l t  t h a t  some a d d i t i o n a l  work should be done t o  v e r i f y ,  and 
perhaps improve, the methods described herein before a shape determination 
method i s  evolved. 
With regard t o  growth  poten t ia l ,  one  impor tan t  fea ture  of the  s l ende r -  
body  method i s  i t s  poten t ia l  for  handl ing  both  de l ibera te  canopy shape  
changes and  bumps.  The s o r t s  of  deliberate  canopy  shape  changes  that  
might be cons idered  a re  aspec t  ra t io  changes ,  changes  in  the  s ize  and 
shape of  the center  panel  of a twin-keel parawing, or changes due to 
shor ten ing  l i n e s  for  cont ro l  purposes .  The p resen t  method could be 
employed t o  p r e d i c t  t h e  r e l a t i v e  c h a n g e s  i n  t h e  aerodynamic performance 
due t o  t h e s e  t y p e s  o f  shape  changes.  For bumps, it i s  f e l t  t h a t  t h e  
p re sen t  method could be extended to  cons ider  devia t ions  of  the  canopy 
spanwise sect ions from c i r c u l a r  a r c s  by including higher harmonics i n  
the  spanwise  shape  specif icat ion.  Such an extension would provide a 
c a p a b i l i t y ,  i n  p a r t i c u l a r ,  for examining  the  aerodynamic and t ens ion  
load ings  due  to  the  loca l  bumps near l i n e  a t tachment   points .  However, it 
i s  probable  tha t  many Fourier harmonics would be required, and t h e  
c a l c u l a t i o n s  would be lengthy. 
Nielsen Engineering & Research, Inc. 
Mountain  View, C a l i f o r n i a  
February 2 7 ,  1970 
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APPENDIX A 
EVALUATION O F  AN INTEGRAL OCCURRING 
I N  THE INDUCED-DRAG CALCULATION 
It  i s  r equ i r ed  i n  the d e r i v a t i o n  of the expression for induced drag 
t h a t  t h e  f o l l o w i n g  i n t e g r a l  be eva lua ted .  
J (k)  = &f t a d - '  ( sin B ) k s i n  B dB 
0 dl - k2cos2 f3 7/1 - k2cos2 
7r 
k s i n  B + - k2cos2 
f3  ] -k s i n  B + dl- - k2cos2 B 1/1 - k2cos2 B k s i n  B dB 0 
T / 2  
= hJ 1 n [  1 - k2cos2 f3 ] k s i n  f3 
0 
1 - k2Cos2 f3 dl - k2cos2 f3 
I f  
7r 
I ( k )  =I I n  [ k  s i n  B + 1(1 -k2Cos2 k s i n  f3 
dl - k2cos2 B 
0 
then  
J ( k )  = k2 [ I ( k )  + I ( -k) ]  
I n t e g r a t i o n  by p a r t s   y i e l d s  
I (k) = - I n  k s i n  B + 41 - k2cos2 6 ] sin-'  (k cos B )  
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= sin-’ k lnd- + i, kx sin-’ (kx) dx 
0 
(1 - x2)  (1 - k2X2) 
The i n t e g r a l  is  t o  be found i n  r e f e r e n c e  11, p. 607. 
I ( k )  = sin-‘ (k) l n v m  - $d- 
The f i n a l  r e s u l t  is  from equation (A-3) 





DETERMINATION O F  CERTAIN D I R E C T I O N  COSINES 
In  de te rmining  the  e f fec t  o f  lead ing-edge  suc t ion  and v o r t e x  l i f t  
on  normal f o r c e  and induced drag, it i s  necessary  t o  know t h e  d i r e c t i o n  
c o s i n e s  o f  c e r t a i n  d i r e c t i o n s  a s s o c i a t e d  w i t h  t h e  l i f t i n g  s u r f a c e .  F o r  
su r faces  formed  from t h e  segments  of c i r cu la r  cones ,  such  a s  tha t  shown 
i n   f i g u r e  6, t h e  c r o s s  s e c t i o n s  p a r a l l e l  t o  t h e  y-z p l a n e   a r e   a l l  
c i r c u l a r   a r c s ,  and t h e  x-y p lane  i.- ihe -hard p lane .   P lane  OAC i s  
t a n g e n t  t o  t h e  l i f t i n g  s u r f a c e  a t  i t s  l e f t  edge. The u n i t   v e c t o r  n2 
i s  i n   t h e   p l a n e  OAC and l i e s  normal t o   t h e   l e a d i n g  edge. It is  t h e  
d i r e c t i o n  i n  which the  leading-edge  suct ion i s  u s u a l l y  d i r e c t e d .  Under 
the  a s sumpt ion  used  he re in  to  eva lua te  vo r t ex - l i f t  e f f ec t s ,  it i s  
assumed tha t   he   l ead ing-edge   suc t ion   force  i s  r o t a t e d  90 from n2 t o  
n,,  where it i s  perpendicular  to  the  lead ing  edge  and t h e  l i f t i n g  




L e t   u s   f i r s t   d e t e r m i n e   t h e   d i r e c t i o n   c o s i n e s  of nl. I f  t h e  p l a n e  4 
OAC has   t he   equa t ion  
A x + B y + C z = O  (B-1) 
then  
cos  ( nl , x) = A 
V A 2  + B2 + C2 
cos (n,  ,y) = 
B 
Y A 2  + B2 + C2 
cos  (n, , z )  = C 
7/A2 + B2 + C2 J 
From the   equat ion   of  OA 









x - z t a n $ = O  
w e  can w r i t e  t he   equa t ion  of plane OAC as 
Wi th  the  de f in i t i ons  
f 
= q F T z  
t a n  = 1 - 2k2 
2ky" 
t h e   d i r e c t i o n   c o s i n e s   f o r  n, a r e  -c 
-2k q- (sm/cr) 
R 
cos (n,  x) = 
cos (n,  z )  = (1 - 2k2) R 
s 2  m 
r 
R' = 1 + 4 k 2 ( 1  - k2) - 
2 
C 
The d i r ec t ion   cos ines   o f  n2 a r e   o b t a i n a b l e  from the   coord ina te s  -c 
o f   t h e   l i n e  CD l y i n g  i n  t he   p l ane  OAC and normal t o  OA. The 
coordinates   of  C a r e  
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Appendix B 
and the   coord ina te s  of D a r e  




c 2  1 + 7  
(B-10) 
From t he   coo rd ina te s  of t h e s e   p o i n t s ,   t h e   d i r e c t i o n   c o s i n e s  of n2 a r e  
found t o  be 
d 
-(1 - 2k2) (sm/cr) 
cos ( n, x) = J”. l + F  
cos (n, , y )  = $3 
R 
r 
- 2 l 4 -  dlzg 





TABULATION  OF CANOPY COORDINATES 
FOR  SINGLE-KEEL PARAWING 
The fol lowing pages are  a reproduct ion of  the pr inted computer  
ou tput  for  the  canopy coord ina tes  obta ined  photogrammetr ica l ly  a t  the  
Lancjley Research Center from the stereo photographs of the s ingle-keel  
'parawing i n  t h e  wind tunnel .  The coordinate  system used in  the data  
p re sen ta t ion  is  i l l u s t r a t e d  i n  t he  ske tch  below. 
Confluence 
po in t  Y 
t i o n ,  
a l so  root  chord  
The o r ig in  o f  t he  d k i s  system i s  on t h e  s t i n g  a t  t h e  c o n f l u e n c e  p o i n t  o f  
a l l  t h e  r i g g i n g  l i n e s  e x c e p t  t h e  two t i p  l i n e s  and the  l a s :  kee l  l i n e .  
The x ' - ax i s  i s  p a r a l l e l  t o  the   kee l   cho rd ,   pos i t i ve  downstream. The 
p o s i t i v e  x '  d i r e c t i o n  i s  upwards  towards  the  canopy, and t h e   p o s i t i v e  
y '  d i r e c t i o n  i s  in   accordance  with a right-hand  system. 
The d a t a  c o n s i s t  of a po in t  i den t i f . i ca t ion  number, followed by the 
x', y ' ,  and z' coord ina tes  of the  point,   nondimensionalized by t h e  
c h a r a c t e r i s t i c   l e n g t h   h k .  For the  parawing  tes ted,  hk = 60 inches.  
Poin ts  1-11 are the canopy l i n e  a t tachment  point  coordinates  for  the 
k e e l  l i n e s  1-11, respec t ive ly .   Po in t s  12-17 a r e   t h e  canopy l i n e   a t t a c h -  
ment po in t   co .ord ina tes   o f   the   l ead ing-edge   l ines  1-6, respect ively.   For  
the remainder of. t he  coord ina te s ,  gene ra l ly  a s ingle  s t reamwise set of 
poin ts   having   about   the  same y '   coo rd ina te  was r e a d  s t a r t i n g  a t  t h e  
1.earlinq edge and working a f t .  The s e t s  s t a r t  a t  t h e  k e e l  and move ou t  
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535  - .bo277 
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53Q  -.53923 
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1143  -.63468 
1142 -. 64687 
1144  -a621 7 
1145  -.6i)758 
1146  -.59160 
1147 -.57608 
1148  -.26286 
1149 -. 54699 
1150 -.53183 
1117  - .491r9 
1 1 3 6   - . n o 6 3  
1138  -.7023r 
. I2381 
.12180 
















































































































1167 - . b o 0 8 2  





























































































































































1 2 2 6  
1227 





























































-.38724 -. 37924 
-. 36276 -.37171 
-.33279 -. 32463 





































. l b  568 
.16 357 
.I6588 












































































1 2 6 1  "57671 
1266 -.59268 













1 2 8 4  -.blob8 












1 / 7 6  -.51013 















































































































































































-.20124 -. 18372 -. 1  6706 
"13542 
-.15108 





















































-16  767 





-18  155 
,18087 






e19 148  
-19146  













































1 .27749  
1.28398 



























































- . h l 2 n ~  









































"21474 -. 19937 
"14197 
"16557 
- . 1 4 w b  
. 1 7 i 5 0  
.17  375 
.11za1 
-17  362 
.16765 
.17*15 1 










. 19  362 
.19944 
. I 9 5 8 4  
.19963 
.19657 





-20  199  
-19732  
-19528  
. I9532  
.19596 
-19  I52 
,19547  
-19  354 













-184 1 R  
. l a  122 









1 .23403  
1.24336 
1.25011 







































1 4 0 1  






l ' t O R  
1409 
1411  
14  10 











1 4 2 4  
1 4 2 3  
1425  
1426  











1 4 3 8  
1439  
1440  
1 4 4 1  
1442  
1 4 4 3  
1 4 4 5  
1444  
1446 




- . l 3369  -. 11766  -. 10205  
-.509Hr) 






















- e 1 8 1 5 3  -. 16471  
- a63168  
"61993  
"61344 -. 6093P  
-.bo616 -. 59455  
- .56724 
"58723  
-.55578 -. 54426  
-.5318O -. 51 71 3 
-.SO921 -. 5 0 0 9 8  




. 1 R  357 
- 1 7 5 9 7  
.1R'lR2 
. I 3 2 2 3  
- 1 5 4 7 1  
.Ill 7 4 9  
. 17931  
- 1 9 7 3 2  
- 1 9 4 9 3  
.20108 







- 2 3 6 5 3  
- 2 5 7 5 3  
. 2 3 8 l b  
- 2 3 8 9 0  
.20638 
- 2 0 6 6 7  
-2) 396 
- 2 0 1 9 3  
.202OO 
- 2 3 1 5 2  
- 1 9 8 6 5  
- 2 0 1 8 9  
-13  565 
- 1 9 8 8 0  
.19339 
- 1 9 1 2 7  
- 1 5 6 8 9  
- 1 7 2 5 4  
a14527 
..?0786 
-19  164 
, 1 9 5 9 5  
.1955R 
.23 106  
.17951 
- 2 3 6 5 5  
-23   642  
- 2 3 9 0 7  
,21117  
.21218 
- 2 1  2 6 1  






































































































































-. 10012 -.11610 
-.Oh909 
-.61611 









































































































































































































-.44830 -. 44003 
-.43353 





























. 20643  
-20674 















































































1551  “31091 
1552  “29523 
1553 -.28641 
1554 -.21863 
1555  “26219 
1556  “25376 
1551  “24620 
1558  -e23775 
1559 .-e22903 
1560 -. 22092 
1561 -a21227 
1563 -.la854 
1562  -e19640 
1564 “17936 
1565 -.16980 
1567 -. 14595 1566 -. 15414 








1576  “12965 















































































































































































l b 5 0  
1648 






















- . 4 5 4 7 1  
-.44618 
-.43999 




-.)E333 -. 37510 
-.35070 -. 34762 
- . 3 3 4 4 5  
"32527 




- a 2 6 8 4 3  
-.26'148 



















-21  561 
.21399 
-21827 
~ 2 2 7 5 1  
,22752 
,23217 








- 2 4 5 6 0  
-24 6 3  1 










- 2 4 3 0 4  
. 24023  
- 2 4 3 8 5  
-24079 
























































1 6 5 7  





















































- .? lo40 
- .20338 -. 19507 -. 18686 
-.17751 
-. 15313 -. 16885 





-.11141 -. 12801 
- . 1 4 3 3 7  
























- .579r2  





-23  71  5 
-23585 
-23666 







- 2 3 0 2 9  
.23096 
-22 769 




















~ 2 5 5 2 3  
-25544 
-25484 
- 2 5 3 1 8  
-25296 
a25333 
-23   19  1
,22862 
-22014 
e 2 2  1 2 7  
~ 2 1 8 1 5  





1 .30190  
1.3C922 
1.39856 
1 .31043  
1.30826 
1 .30844  
1.30739 











1 . 3 n 8 ~ 5  
L .30902 
1 .30840  
1.30162 
1.30783 























1 7 0 1   " - 6 0 3 9 5  
1 7 0 3  - .60631 
1702  - .61025 
1705  "60434 
1706  - .59991 
1708  - .58753 
1 7 0 9  -.57583 
1711  - .56237 
1710  - .50082 
1712  - .54745 
1 7 1  3 -. 53308 
1714  - .52105 
1716  - .49578 
171>  - .50408 
1 7 1 7  - .48802 
1119 - .46733 
1718  - .48184 
1720  - .46016 
1721 -.45215 
1722  - .44457 
1723   "43721  
1724  - .42998 
1725   "42213  
1725  - .41441 
l72Y -.38916 
1728 - . 39770  
1130  - .38104 
1733  - .35610 
1132   " -3659  
1734  - .34918 
1736   - a33225  
1737   "32445  
1738 -.)I566 
1139 -.30750 
1740   "29955  
1741  - .29167 
1 1 4 3  - .26005 
1742  - .27614 
1744  "25223 
1746  - .23410 
1745  - .24324 
1747  - .22645 
1148  - .21708 
1749  - .20927 
1704  - .bo704 
1707 -.59447 
1 7 2 7   - . 4 0 m  
1 7 3 1   - . 3 n 5 6  
1735  - .34978 
1755 - . ~ n 1 6 9  
- 2 1 4 6 3  
-19272 
.23572 
- 2 1 9 3 0  









- 2 4 0 3 2  











-26  168 
- 2 6 2 2 3  
.Zb060 
.26300 
.26 1 5 4  






. 2 6 4 r 3  
~ 5 7 3 7  
,26047  
- 2 5 9 0 3  
,26122 





- 2 5 4 5 8  
-25  320 
,25293 
.252lA 
1 .14960  
1 .16235  
1.12410 
1 .14361  
1 .14914  
1 .15637  
1 .16219  
1 .16647  
1 .17414  
1.18187 




1 .23520  
1 .23433  
1 .23118  
1.24402 
1 .25244  
1 . 2 5 4 7 9  
1 . 2 5 7 6 5  
1.26100 
1.26499 
1 .27001  





1 .28029  
1.2840C 
1 .28581  
1 .28400  
1.28651 
1 .28841  
1.28828 
1.29023 
1 .29238  
1.29144 
1 .29641  
1.29601 
1 .30226  
1 .30491  
1 . 3 0 0 7 3  
1.30154 
.I ,3042 1 
1 .30369  
1 .30548  






















































-. 17594 -. 16762 
“15976 -. 15204 -. 14314 -. 13622 






-. 14259 -.12697 -. 15880 
“17529 















































-25 50 1 
,29592 








































































































































































































































































































































-. 2 1543 





-.15891 -. 15097 -. 14248 




-.09267 -. 10925 
-.12607 

























































































































































192  7 
1929 
1930 




























































-.lM?OO -. 17360 














































































































































1 9 R 3  
198') 














-.,I9099 -. 1(\73? 

















- . 51940  
-.52700 
- . 54318  
-.55148 

























.27 39 7 
.27753 
.29510 





























. 27  726 
.27418 















I .  30569 
1.39442 









































I .  19959 
1.20542 
1.2C816 




























2030 -. 18732 
2031 -. 17854 
2033 -. 16180 2032 -. 17004 




2039 -. 11 379 
2040 -.lo500 
2041 -.10080 
2 0 4 3  -.I2114 
2042 -. 10408 
LO44 "13643 
2045 -. 15215 
2047 -.18631 




2004  -.41441 





- 3 1  028 
-32050 
-31 82 1 
. 3 1 5 4 1  
.3lR58 
.31806 















. 3 1 5 5 1  
.31536 
.31606 
































































































































-.33043 -. 34773 




























- . 36205  
-.35434 
“34643 






































-33 73 1 
.33571 










. 33008  




































































































































- . 28063  
- .29668 





- . 41113  
-.42508 























.33 11 1 

















































































































































-.45405 -. 54697 
-.43977 
“43290 















- . 27882  
-.28678 































































































































































































































. 3 4 8 4 2  
-34800 
- 3 4 4 4 6  






















































































































































-.203bl -. 19590 -. 18033 
-.1r174 -. 16384 
-.I5539 
-.14775 
-.14010 -. 13155 








-.29084 -. 30706 
-.32228 



















































.35 1 7 4  
-34369 
.32673 





































































2311 - .38898 
2312 -.38342 
2315 -.35846 
2314 “ 3 6 6 4 5  
2308 -.41or9 
2313 -.3r8bz 











2329  “24866 
2331 -.23380 
2332  “22620 
2335  “20156 
2334 -.20999 
2337 -.18530 
2338 - a  17803 
2340 “16034 
2341 -. 14522 
2342 -.13156 
2345 -.12030 
















































a 0 3 3  
. 3 r m  
a 3 0  I
a7375 
.3r 28s  
.37 287 
























































2 3 5 1  
2353 


















2 3 7  1 





































































































































































































































-.18972 -. 18254 
-.l6617 


























-. 42584 -. 41 392 
-.39855 























- 3 8 5 3 1  












- 3 1 7 7 2  
.37033 
, 3 1 7 3 1  
-36195 
-35028 





















. 3 r 5 ~ 2  





















































































































-.20296 -. 19403 -. 18638 
-.I1853 















-.32629 -. 34233 
-. 36816 
“37510 






























































1 a 18444 
































1 . 2 2 ~  
1.23471 



























































































"21499 -. 19921 
-.19050 
-.I8266 -. 17437 
-.16681 -. 15894 -. 15011 -. 14230 -. 13404 -. 12923 













































































































2 5 8 5  -. 17760 
2583 -.is411 
.38805 














































.40 34 1 
.40537 






















































2 6 0 5  
2604 














































































-.20634 -. 19866 -. 1904 6 -. 18164 





























































































































































2 6 9 d  
7699 
2700 
















"33726 -. 32253 













"21696 -. 20955 
-.20147 -. 18542 
-.17722 -. 16949 
-.16186 -. 15399 -. 14552 
"15154 
"13537 









.45 I 0 1  
-39806 
.39384 







































-41  2  14 
-41  325 
-41 302 
.41273 





































































































































-.19707 -. 18928 -. 18085 -. 17272 -. 16441 
-.15733 
-.14141 














-39  194 
. 3 8 6 4 8  
.37481 















- 4 1  532 
-41607 
-41  701 
.41503 
- 4 1 7 4 2  
.41505 
-41486 
-41  51  
-41480 
-41 752 



































































2751  - .28563 
7752  -.29027 
2753  -.311bo 
2755  "3402  







2 7 6 2  "32363 
2 7 6 3  -.31718 





2769 - . 27626  
2770 -.26856 
2771 -.26188 
2 7 7 2  -.25441 








2781 -. 18502 
2782 -.17662 
2783 -.16772 
2784 -. l b0P9  
2785 -.15351 
2 7 8 7  -.14024 
2786  -.14530 
2788  -.15878 
2789  - .I7449 
2790  -.18927 
2791  -a20539 
2793  -.23682 
2792  -.22141 
279s  - . 2 6 6 6 3  
2794  -.25245 
2797  - .2920  
2796  -e28046 
2799  -.31934 
2798 - . 30567  





-39  687 













-41 172  
-41115 











-41 799  
-41 408 
-41250 
-41   246  
-41092 
-42008 








































































































































-. 16375 -.17154 
-.15668 


































































-41  161 
.41 R44 
-42122 









































































































































-.20121 -. 19391 
-.I8655 
-.17851 
-.17181 -. 16400 -. 15599 














-41  339 
.41246 
.41246 
.40 R4 5 















































































































































































-. 16462 -.17089 
-a15618 




































.42 02 I 
-41  832 
.42 499 
-42  332 
.42413 
-42416 















































































































-.I8846 -. 17548 







-.21000 -. 20289 












-e15819 -. 1626A -. 17007 -. 18044 





























-42 26 1 
.41332 
. 4 2 1 8 5  
.40 R O O  
-40372 















































TABILLATION O F  CANOPY COORDINATES 
FOR TWIN-KEEL PARAWING 
The following pages a r e  a reproduction of the printed computer 
output  for  the canopy coordinates  obtained photogrammetr ical ly  a t  the 
Langley Research Centel:  from the s tereo photographs of the twin-keel 
parawing in t .he w i n d  tunnel .  The coordinate  system  used i n  t h e  d a t a  
p r e s e n t a t i o n  i s  i l l u s t r a t e d  i n  the sketch below. 
Xoot chord 
d i r e c t i o n  
Keel  chard 




poin t  
The or ig in  of  the  ax is  sys tem i s  on t h e  s t i n g  a t  the  confluence point  
of  a l l  t he  r igg ing  l i nes  excep t  t hose  on t h e  t r a i l i n g  edge. The p o s i t i v e  
x' direct j -on i s  p a r a l l e l  t o  t h e  k e e l  c h o r d  d i r e c t i o n ,  which d i f f e r s  
s l i g h t l y  from the   roo t   cho rd   d i r ec t ion ,   w i th   pos i t i ve  x '  downstream. 
The p o s i t i v e  z '  d i r e c t i o n  i s  upward towards  the  canopy, and t h e   p o s i t i v e  
y '  d i r e c t i o n  is  cons i s t en t   w i th  a right-hand  system. 
The d a t a  c o n s i s t  of a p o i n t  i d e n t i f i c a t i o n  number, followed by the 
x ' ,  y ' ,  and z '  coordinates  of  the  point,   nondimensionalized  by  the 
c h a r a c t e r i s t i c  l e n g t h  h k ,  which is  75  inches  for  the  parawing  tes ted .  
Poin ts  1-12 are  the canopy l i n e  a t t achmen t  po in t s  €o r  kee l  l i nes  1-12,  
r e s p e c t i v e l y .  The s ix   l ead ing-edge   l ine   a t tachment   po in ts   a re   l i s ted   as  
93 
Appendix D 
p o i n t s  13-18. For  the  remainder of the   coord ina te s ,   gene ra l ly ,  a s i n g l e  
streamwise set of po in t s   hav ing  about t h e  same y '  c o o r d i n a t e  was read ,  
w i th  the  sets s t a r t i n g  n e a r  t h e  v e r t i c a l  p l a n e  of symmetry and moving o u t  






















l e  
10 






























x ' n ,  
-.41920 
-.38668 











































































































































































1 9  






















x ' n ,  



























































. q042 5 





























































































1 I0  
111 











1 2 3  
124 


























" 3 6 6 3 4  
" 3 5 2 3 7  -. 33968 
-.31352 
- .32615 
" 2 9 9 9 2  
- .281C5 -. 2734 1 -. 26405 -. 25 LOO 
-.23904 
- . 22507  
-.21141 
-.I9903 
-. 17282 -.18516 
-.I6081 -. 141 19 
- . I 2 1 0 8  
" 1 3 3 9 6  











" 2 3 8 6 4  
. 0 2 5 8 5  
.OS208 
-06523 






. I 8 0 6 4  























































































































1 h 3  
1 6 4  
165  





































" 4 7 0 5 7  
-.45779 
" 4 4 4 6 6  
- a 4 3 1 9 2  
-.40504 
-e41839 
-. 391 86 
-a 37084 
-a36571 
-. 3 3 9 3 0  " 3 5 1 7 4  
" 3 2 6 1 6  
" 3 1 3 4 0  
-.29949 
- .ZA689 
-.21407 -. 251 29 
-a22471 
-.23803 
-.2112b -. 1 w n 9  
- a  17268 
-. 18600 
- e  16C25 
-e14763 




















. I 5 3 9  1 




























. 02285  















" I 2 5 5 5  
. 02127  
-02442 





















































1 . 0 2 3 7 ~  
201 . I6906 
202 
2 0 3  
.I1996 
.I9260 
204 - 2 0 3 9 7  
205  . " 2 1 S Z P  
2 0 6  " 4 9 3 8 3  
2 0 8  - .49370 
207 - .49370 
209 -. 49310 
210 -.46967 
211  -.45163 
212 " 4 4 3 8 1  
213  -.43096 
214 - .41169 
2 1 6  -.39128 
217  -.37823 
218  -.36522 
2 1 9   " 3 5 1 3 0  
221 -.32539 
220  " 3 3 0 7 5  
222  -.31281 
2 2 3  -.29909 
224 -. 28752  
225  -.27475 
2 2 6   " 2 6 5 0 4  
227  -.25134 
228  -.25134 
2 2 9  -.23844 
230 -.22543 
231 -.71153 
2 3 2  -. 19839 
2 3 3  - . le523 
234  -. I7237 
235 -. 16073 
2 3 6  -. 14801 
237 -. 13487 
239 -. 10838 
24'1 -.C9607 
241 -.DE123 
243  "('5571 
242 - .Ob867 
244  -.04301 
745 -.02919 
246 -.01619 




- 0 2 5 2 3  
-03647 
215 -.40473 














. r ) 3 1 1 7  
.03497 







- 0 3 4 6 5  























. 03698  
.03313 
. azo4 7 
.a3710 
.n3775 















. 9851  
.994P< 
.98917 





- 9 9 5 6 4  




























. V R ~ C ~  
1.01427 





7 5 5  








2 6 4  

































































" 3 1 2 2 3  -. 29819 
-.29728 -. 27495 
-.26251 
-.26251 -. 24964 -. 23735 
-.22397 
-a21056 
-.18392 -. 17192 
-. 14854 
-.12137 -. 131187 
-.PP?12 




-. L ~ W Q  
.r)3633 
. ' V I 7 2  
. n 3 ~ 4 2  
. o m 2  











. 0 3 0 4 ~  
. m o a  
. n s 7 1 ~  
-04646 















, 0 5 1 1 3  



































3 2 3  
3?4 
325 
3 2 5  
327 
328 
3 2 9  
339  
731 
3 3 3  
332 
334 
3 3 6  
3 3 5  
3 3 7  
339 



















. C 3 7 3 3  
.r)5136 
.07A 3 7  
.Cb440 
.09027 . LC779 
.115Q9 
. I 2 3 6 6  
, 14095  
-15299 . 16609 . 17692 . LQ8?7 
.2005! 
. Z l l l r )  
. o w 5 9  
-. 490 11 -. 490  11 
-.49011 
-. 479 3 1 -.46699 
-.45444 
" 4 4 1 4 6  -. 42890 
-.4155'! 
-.3P960 -. 37648 -. 30377 
- e  34969 
-.32343 
-.3139R 
-.29730 -. 2 8 6 3 5  
" 2 7 6 7 5  
-.24RR3 




-. 3 3703 
- . 2 2 3 0 R  





























. 97380  
.97676 
,98129 
- 9 R 1 5 9  
.981A3 
. 9Rb89  
.9n472 
,94939 











351  -.1R354 
3 5 4  -. 14727 353 -. 15991 
356  -. 12994 
357 -. l 9 R 3 3  
358  -.C9498 
3 5 9  -.C8195 
360 - .Ob868 
361 -.C5544 
363  -e02932 
362 -.Ob224 
























s l R 5 8 9  
3R2 
381 19771 
384 - .48839 
3R5 -.48839 
3 8 6  -.46484 
387  "45294 
388  -.43982 
3n9   "42676  
391 -.40195 
392  -.3P971 
3 9 3  " 3 7 5 3 1  
394 -. 3 620  1 
395  -. 34830 
396 " 3 3 5 3 4  
399  -. 33977 397 -.32222 
399 -. 29615 
352 -. 17051 
355 -. 1 3 3 ~ 5  
3 6 5  -.or350 
.022q2 
37n .nbs12 
383 - . 4 8 a 3 ~  
. 2 r w 9  
390 - . 4 1 3 ~ 6  










.06119 . C620n 























































































































4 2 1  
429  
























. ? l e 2 5  
.37500  
" I 7 5 1 2  
. C14lO 
. I 1 1 9 7  
.a7269 





4 5 4  
455 
456 
4 5 1  
4 5 9  
459  
461  















4 7 1  
41  5 
479 
4An 






4 A 9  
6 4 9  
497 
4 9 1  
4 9 2  
493 
4 0 4  
495 
495  

















-.Oc501 -. l f l06R 
- . I 2 1 1 3  
" 1 3 3 5 6  -. 14645  -. 14645 
-. 18194 -. 169  6 7  -. 19590 
- .2c011 -. 23442  -. 24662  
- .25953  -. 2 5 9 5 1  
-. 27949  - .21949 
- .29534  
- .30791 
- . 3 2 0 9 1  
- .33493  
- .3412q  -. 36966 -. 37379 -. 3 8 1   1 7  
"39955  
- . 4 1 2 2 Q  
- .425c7  
- .43152  -. 45r  7 5  -. 462.74 
- ' . 46204  
- .4?617  
- .48697  
-.4Q93R 
- . 4 6 4 6 4  
.nh291  













.0059r  . CB5W . EA400 






. 00394  
.CR614 
.00680 
. ~ 4 5 9  
.on495 
. 00131  
eC0131 
.OR112 









- 0 9 3 9 2  
.'YP29R 
.CR233 
. I 1 1 1  5 
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TABLE I 
PROPERTIES OF THE  CIRCULAR-ARC F I T S  
TO THE SINGLE-KEEL PARAWING 

































































































































PROPERTIES O F  THE CIRCULAR-ARC F I T S  
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F i g u r e  1.- Axes and crossflow p l a n e  used 
i n  theory. 
113 
( a )  Boundary condition €or s ta t ionary  parawing .  
(b) Boundary c o n d i t i o n  i n  f i x e d  crossflow plane  
through which parawing is  moving. 
F igure  2 .  - Boundary c o n d i t i o n s  f o r  a l l - f l e x i b l e  
slender parawing. 
114 
(a) a2 boundary  condi t ion  for   an  expanding  c i rcular   arc .  
5 
I 
= s i n  @ 
(b) % boundary  condi t ion  for  a t r a n s l a t i n g   c i r c u l a r   a r c .  
Figure 3 . -  U n i t  p o t e n t i a l  s o l u t i o n s  a r i s i n g  i n  a l l -  
f lex ib le  s l ende r  parawing theory. 
115 
I 
1 -" Y, 
e 
< a  = 5 4  + 2 i f  1' 
Figure 4.- Transformations used in obtaining 
complex p o t e n t i a l  f o r  t r a n s l a t i n g  a r c .  
116 
t 
Figure 5.- Transformations and flows used 
i n  o b t a i n i n g  complex p o t e n t i a l  
€or d i l a t i n g  a r c .  
117 
Figure 6 . -  Normal directions associated with 
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(b) Spanwise  camber  parameter, k .  
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(a) Apparent mass f a c t o r .  
Figure 8.- Ef fec t  of spanwise camber on normal-force curve slope and 
angle of zero normal force for conical parawing. 
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(b) Angle  of z e r o   n o r m a l  force. 
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Figure 9.- Effect of spanwise camber on angle of zero 
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a/ (d  s/dx 1 
(a)  Normal-force  curves. 
Figure 10.- Effect  of  leading-edge suct ion and v o r t e x  l i f t  
on aerodynamic c h a r a c t e r i s t i c s  of f l a t  d e l t a  wings 
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(b) Drag curves. 
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a/ ( d s/dx) 
(a)  Normal-force  curves. 
Figure 11.- Effect  of  leading-edge suct ion and 
v o r t e x  l i f t  on aerodynamic  charac te r i s t ics  of  
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(b) Drag curves.  
?igure 11. - Continued. 









,-Vortex l i f t  
1 2 '  3 4 
(c) z/Di ratio.  
Figure 11.- Concluded. 
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0 1 2 3 4 5 
(a) Full s u c t i o n .  
F igure  1 2 . -  E f f e c t  o f  k on r a t i o   o f   n o r m a l  
f o r c e  t o  i n d u c e d  d r a g  f o r  c o n i c a l  l i f t i n g  
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(b) Vortex lift. 
Figure 12,- Concluded. 
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(a)   Sect ions  for  0 < q < 0.44. 
Figure 15.- Chordwise sections of single-keel parawing 
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x ' ,  inches  
(b) Sec t ions  for 0.56 < q C; 0.925. 
F igure  15.- Corlcluded. 
I 
.. .. . 
(a) Side  view. 
Figure 16. - Photographs of single-keel parawing 
i n  Langley Research Center wind tunnel. 
(b) Rear view. 
Figure 16. - concluded. 
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Figure 17. - Twin-keel parawing configuration. 
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x ' ,  inches 
.(a)  Sections for 0 < q < 0.514. 
Figure 18.- Chordwise sections of twin-keel parawing 
obtained from measured canopy shape data. 
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(b) Sections for 0.68 ', q < 0.95. 
Figure 18.- Concluded. 
( a )  S i d e  view. 
Figure 19.- Photographs of  twin-keel parawing 
i n  Langley Research Center tunnel. 
(b) R e a r   v i e w .  












mrActual X/C" = 0.103 
'. \ 
= 0.515 
c i r c u l a r  arc  f i t  
I. I 1 I I I 
0 4 8 12 16 20 24 2 
y, i nches  
F igu re  20 . -  Spanwise  sec t ions  for  s ing le-kee l  parawing .  
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40 
Figure 21.- Comparison of actual  planform 
with circular-arc planform 
for single-keel parawing. 
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F u l l  Leading-Edge Suction 
Figure 22 . -  Predicted chordwise buildup of normal - force  
on single-keel parawing. 
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Figure 2 3 . -  Spanwise sect ions  for  twin-keel  parawing. 
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Figure 2 4 . -  Comparison  of ac tua l  p lanform 
w i t h  c i r c u l a r - a r c  f i t  p l a n f o r m  
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Figure 2 5 . -  Predicted Uhordwise buildup of normal force 
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X/Cr 
F i g u r e  2 6 . -  P r e d i c t e d  d i s t r i b u t e d  l i n e  t e n s i o n  load on  twin-keel 
pa rawing  ob ta ined  f rom Canopy Tension Approach 
(method c )  . 
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Figure 27.-  Pred ic ted  d i s t r i b u t e d  l i n e  t e n s i o n  l o a d  
z Equil ibr ium Approach  (method a ) .  
on twin-keel parawing obtained from 
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(a )  Keel l i n e  l o a d s .  
Figure 28.-  Comparison of l i n e  l o a d s  for two t h e o r e t i c a l  l o a d  
d i s t r i b u t i o n  models for twin-keel parawing. 
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(b) Leading-edge l i n e   l o a d s .  
Figure 2 8 . -  Concluded. 
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( a )  Keel l i n e  loads .  
Figure 29 . -  Comparison of predicted and measured l i n e  loads 
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(b) Leading-edge l i n e  l o a d s .  
Figure 29. - Concluded. 
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(a) Keel l i n e  loads. 
Figure 30 .- Comparison of  p red ic t ed  and measured l i n e  loads 
for the twin-keel parawing. 
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(b)  Leading-edge l i n e   l o a d s .  
Figure 30. - Concluded. 
